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Foreword

On July 20, 1989, President George Bush charted a new course for human exploration of

space:

"... a long-range continuing commitment. First, for the coming decade --
for the 1990's -- Space Station Freedom, our next critical step in all our

space endeavors. And for the next century, back to the moon, back to the

future, and this time, back to stay; then a journey into tomorrow, a journey

to another planet -- a manned mission to Mars. Each mission should and

will lay the groundwork for the next."

The Long Duration Exposure Facility (LDEF) is providing critical technology for future

spacecraft, including Space Station Freedom, and thus plays a major role in the
President's vision of human exploration of space.

LDEF was carried into orbit in April 1984 by the Space Shuttle Challenger. The 11-ton

satellite contained 57 experiments to assess the effects of the space environment, i.e.,

ionizing radiation, meteoroids, cosmic dust, and high altitude atomic oxygen on materials

and mechanical, electronic, optical, and living systems. In January 1990, after 69 months

in low Earth orbit, LDEF was retrieved by the Space Shuttle Columbia and returned to

Earth. The retrieval occurred 57 months after it was originally planned, due in part to

the Challenger tragedy. The 69 months in space provided experimenters the unique

opportunity to sample and measure the space environment over a longer time period than

originally planned.

The 57 LDEF experiments were returned to the Principal Investigators and their science

teams for analyses and interpretation. In June 1991, over 400 LDEF researchers and

data users met in Kissimmee, Florida for the First LDEF Post-Retrieval Symposium.

The papers presented contained important new information about space environments and

their impact on materials, systems, and biology. This publication contains the material

presented at the symposium, categorized by subject:

LDEF Mission and Induced Environments

Space Environments - Ionizing Radiation
Space

Space

Space

Space

Space Environmental
The Future

Environments - Meteoroid and Debris

Environmental Effects - Materials

Environmental Effects - Systems

Environmental Effects - Biology

Effects - Microgravity

During the symposium Sally A. Little, NASA Headquarters, chaired the LDEF

Mission and Induced Environments session; William L. Quaide, NASA Heaquarters,
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chaired the Space Environments - Meteoroid and Debris session; Thomas W.

Crooker, NASA Headquarters, and Bland A. Stein, NASA Langley Research Center, co-

chaired the Space Environmental Effects - Materials session; Judith H. Ambrus,

NASA Headquarters, and P. Rex Miller, W.J. Schaefer and Associates co-chaired the

Space Environmental Effects - Systems session; and James L. Jones, NASA

Langley Research Center chaired the session called Others.

Some presentations in these documents underwent a title change; others were combined

with two or three presentations; two were not presented orally. However, all oral

presentations are represented in written form. Where full-length papers were

unavailable, the abstracts have been reprinted. All papers were reviewed for technical
content as well as form.

We wish to thank the contributors, as well as the reviewers of these papers. We also wish

to thank Dr. William H. Kinard, without whose vision and persistence, there would not be

an LDEF project or the valuable data it has collected.

The LDEF Science Office plans to organize and conduct two additional symposia, one in

San Diego in June 1992 and another in 1993. The proceedings from these two symposia

will be published as NASA Conference Publications.

We believe that the LDEF data reported in this three-part document will make important

contributions to charting the new course for the exploration of space.

Use of manufacturers' trade names in this publication does not constitute an official endorsement of
such products or manufacturers, either expressed or implied, _, the National Aeronautics and Space
Administration.

Arlene S. Levine

LDEF Science Office

NASA Langley Research Center
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INTRODUCTION

The Long Duration Exposure Facility (LDEF) is a large, low-cost, reusable, unmanned, free-
flying spacecraft which accommodates technology, science, and applications experiments for long-
term exposure to the space environment. The LDEF was designed and built by the NASA Langley
Research Center (LaRC) for NASA's Office of Aeronautics and Space Technology. Specifically,
the LDEF was designed to transport experiments into space via the Space Shuttle, to free fly in
Earth orbit for an extended period, and be retrieved on a later Shuttle flight allowing experiments to
be returned to Earth for postflight analysis in the laboratory. The LDEF with a full complement of
experiments was placed in Earth orbit in April 1984 by the Space Shuttle Challenger and retrieved
from orbit in January 1990 by the Space Shuttle Columbia.

A general overview of the LDEF, its mission, systems, experiments, and operations is covered
in the following sections. Excerpts from various NASA documents (refs. 1 to 7) are extensively
used.

MISSION SUMMARY

The Space Transportation System STS 41-C mission whose objective was to deploy LDEF and
then retrieve, repair, and redeploy the Solar Maximum Mission satellite, was launched from

Kennedy Space Center (KSC) on April 6, 1984. The LDEF was deployed in a 28.50 inclination
essentially circular orbit of 257 nautical mile altitude by the Shuttle Challenger on April 7, 1984. It
was planned to retrieve LDEF about 1 year later; however, Shuttle manifesting problems and later
the Challenger accident together resulted in an extensive delay. The LDEF was retrieved some 69
months after launch at an altitude of 179 nautical miles. Only about 2 months of orbit lifetime
remained at the time of retrieval.

On the second day of the deployment mission the remote manipulator system (RMS) was used
to activate the experiment initiate system (EIS) while LDEF was still berthed in the cargo bay.
After confirmation that the initiate was successful, the RMS was used to lift the LDEF from the

cargo bay and place it in a preferred attitude for release and free flight. Gravity gradient torques
maintained the LDEF in a position in which the axis of minimum moment of inertia was aligned
with the local vertical. This resulted in one end of LDEF always pointing towards the center of the
Earth and one end always pointing out in space. Coupling torques resulting from small
preestablished differences in the transverse moments of inertia stabilized the facility about the
longitudinal axis and resulted in one of the 12 sides always pointing forward in the direction of
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travel. This established a leading side and a trailing side of LDEF. Figure 1 illustrates the LDEF
orientation in orbit.

A viscous magnetic rate damper was mounted on the LDEF interior structure to accelerate the
damping of any unwanted motions at the time of deployment. A photograph of the damper after
deintegration is shown in figure 2. After deployment ( see fig. 3) no unwanted motions were
apparent. The LDEF remained in a stable attitude during the 69-month mission•

The LDEF retrieval mission was launched on January 9, 1990. Rendezvous with the LDEF
was completed and LDEF retrieved on January 12. Figure 4 is a photograph of the LDEF minutes
before capture by the RMS. To establish the condition of experiments prior to the reentry the flight
crew used the RMS to maneuver the LDEF for an extensive photographic survey of the LDEF and
each experiment tray. The LDEF was then berthed and the remainder of the mission completed
with a landing at Edwards Air Force Base on January 20. The Columbia with LDEF still in the
cargo bay was ferried from Edwards to KSC, landing on January 26. The LDEF was removed
from the orbiter in the Orbiter Processing Facility (OPF) and moved to the Spacecraft Assembly
and Encapsulation Facility II (SAEF II) for several months of deintegration operations. Operations
were completed and the facility structure was placed in storage at KSC in mid-May 1990.

LDEF DESCRIPTION

Structure

The LDEF is a 12-sided, 14-foot diameter, 30-foot long aluminum open grid frame. The
structure is configured with 72 equal-size rectangular openings on the sides and 14 openings on the
ends (six on the Earth-facing end, and eight on the space-facing end) for mounting experiment
trays. The LDEF total weight is approximately 21,400 pounds, made up of structure and systems
weight of 8,900 pounds and trays and experiment weight of 12,500 pounds.

A photograph of the LDEF structure mounted on the LDEF Assembly and Transportation
System (LATS) is shown in figure 5. The LATS is a combination work and transportation
platform system which can rotate the LDEF for the installation and for removal of experiment
trays.

The LDEF structural configuration and the identification of experiment locations is shown in

figure 6. The 12 sides of the structure are numbered rows 1 through 12 in a clockwise direction
when facing the end with the support beam (the Earth-facing end in orbit). The six longitudinal
locations are identified alphabetically as Bay A through Bay F starting at the end with the support
beam. A tray location is designated by the bay and Row A-1, B-5, F-8, etc. The Earth-facing end
is designated by a G identifier and the locations have even-number clock-position identifications
(G-12, G-2, G-4, G-6, G-8, and G-10). The space-facing end is designated by an H identifier,
and the locations follow a similar convention (H-12, H-l, H-3, H-5, H-6, H-7, H-9, and
H-11).

The LDEF is attached to the Shuttle by four trunnions and a keel pin. These are identified in

figure 6. The main loads of the LDEF are transmitted through the two side support tmnnions on
the center ring. The keel pin on the bottom of the center ring gives lateral support. The end

support beam attached to one end reacts vertical loads and has the freedom to pivot about its center
pm jomt.



ExperimentTrays

LDEF experimentsareselfcontained in trays that are clamped to the facility svucture. The
LDEF has 72 peripheral and 14 end experiment trays. To accommodate the diverse experiment
requirements and characteristics, the trays are of five standard sizes: 3-inch deep, 6-inch deep, and
12-inch deep peripheral trays and 6-inch deep and 12-inch deep end trays. All of the trays are
constructed of 6061-T6 anodized aluminum sheet of either 0.063 or 0.125-inch thickness, riveted

to a frame made of 6061-T6 aluminum extrusions and angles. Figure 7 is a photograph of the
three sizes of peripheral trays.

The structural members which form the tray bottoms provide the bolt hole pattern for attaching
the experiments. These members divide the tray bottoms into six equal rectangles for the
peripheral gays and four equal squares for the 14 end gays.

The rectangles establish a preferred configuration for experiments to fit either 1/6, 1/3, 2/3, or a
full peripheral tray. The squares allow experiments to occupy 1/4, 1/2, 3/4, or a full end tray.

Each peripheral tray is attached to the LDEF structure by eight clamp assemblies and each end
tray is attached by 12 clamp assemblies. Each clamp is held by three stainless steel bolts that fasten
directly to the facility structure. A cross section of a clamp assembly and the arrangement of
clamps around the trays is shown in figure 8. The clamp bolts are torqued sufficiently at tray
installation to prevent motion between the tray flanges and the facility structure.

Some of the tray clamps had white dots (discs) painted on them (see fig. 9) as a visual aid in

attempting to measure spacecraft motions (pitch, roll, and yaw) from video and photographs made
of the LDEF immediately after deployment. The dots were made of Chemglaze A276 white paint
and Chemglaze Z306 black paint.

The bottoms of all tray frames and the sides of all tray walls facing the interior of LDEF were
painted with Chemglaze Z306 polyurethane black paint for thermal control.

Experiments were integrated into trays and each fully assembled tray was vibration tested to
assure flight safety. Trays were shipped to KSC in sealed or protective containers and integrated
with the LDEF facility under Cl/_ss I00,000 clean room conditions. With the exception of an
electrical connection for an on/off signal from the EIS for those trays with active electronic
systems, there is only a mechanical interface between experiment trays and the LDEF facility. The
experiment trays are standard NASA LaRC-qualified hardware items provided to experimenters for
use in integrating their experiments.

Experiment Power and Data System

The experiment power and data system (EPDS) is designed to provide data collection and
storage for experiments which have this requirement. The EPDS consists of a data processor
controller assembly (DPCA), a magnetic tape module (MTM), and a primary battery source. The
DPCA is hardwire programmable by the experimenter and can accommodate a variety of data
collection needs. The system operates from primary batteries, and designs were selected which
minimize power requirements. The system is primarily intended for the experiment which requires
a number of measurements a few times per day over a 9- to 11-month period. Data from the
experiment can be a mix of high- and low-level analog, and parallel and serial digital data. The
MTM provides storage for about 14 megabits of data. The EPDS utilizes one 7.5-volt and one
12-volt lithium sulfide dioxide (LiSO2) battery.
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TheEPDSis suitablefor mountingin a6-inchordeepertray. A blockdiagramof an EPDS is
shown in figure 10. Figure 11 is a photograph of an EPDS mounted in an LDEF experiment tray.
Seven (7) EPDS units were flown.

Experiment Environmental Control System

The experiment environmental control canister (EECC) is an automated experiment container
capable of opening and closing during the flight of LDEF. The unit provides a means of
maintaining a clean, low-pressure, or inert gas environment while closed during ground
operations, with the capability to open and expose the experiment to the space environment while
in orbit. Five of these systems were flown on LDEF.

A photograph of the EECC assembly mounted in a tray is shown in figure 12. Each utilized
1/3 of a peripheral 6-inch deep experiment tray. An aircraft pressure fitting serves as a vacuum
purge valve and allows evacuation of the closed canister by standard laboratory vacuum pumping
techniques. The door of the canister uses a Viton rubber O-ring for the seal.

A timer-controller provides the logic for opening and closing the canister. The circuitry within
the timer-controller contains two variable timers and a series of switches which control the

electrical power for the drive motor. The LDEF EIS starts both timers which generate the signal to
open the drawer and later the signal to close the drawer. An opening time of 1 hour to 4000 hours
can be selected while a closing time of 2 hours to 8000 hours is available after receipt of the "on"
signal from the EIS.

A 26-pin vacuum-sealed connector provides access to the experiment. The leads from the door-
mounted connector mate with a flexible interconnecting cable which terminates in a 34-pin chassis
connector bottled to the supporting structure of the canister. For those experiments requiring
electrical access, the LDEF Project provides the mating half of the chassis connector.

Standard LDEF battery modules provide the 28-volt and 7.5-volt power required to power the
EECC.

Experiment Initiate System

The EIS is that system which will send a turn on (set) or a turn off (reset) signal to each
experiment when the microswitches located on the rigidize sensing grapple fixture tray are
activated. Figure 13 is a schematic of the EIS system. The system consists of two 28-volt lithium
sulphur dioxide batteries, four microswitches, an experiment initiate box (EIB), experiment
latching relays, six status indicators, and associated wiring. A photograph of the batteries and the
EIS mounted on the center ring frame of LDEF is shown in figure 14. The EIS provides for the
application of primary power to electrically operate experiments by generating "set" and "reset"
current pulses which operate latching relays within the experiments. The status indicators located
in the C-10 tray will be white to indicate "set" (on) or black to indicate "reset" (off).

The EIS is self contained and powered by two LiSO2 batteries; it has no electrical interface with
the Shuttle. The EIS contains CMOS integrated circuits and discrete electronics parts. The
individual "set" and "reset" current pulses to experiments are generated by separate current-limited
semiconductor driver circuits. The operating sequence has a battery preconditioning pulse that
preloads the battery prior to the generation of the experiment relay pulses.
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TheEIS is designedto beactivatedprior to deploymentwhilestill latchedin thebay,andlater
afterretrievalandLDEF hasbeenlatchedin thebay. Theinitiatesequence,shownin figure 15,is
startedbyrigidizing theendeffectorontherigidizesensinggrapplefixture in way C-10. The
movement of the grapple spike (center post) on rigidization operates the microswitches which
energize the initiate system. This starts the AT1 delay counter, which permits "set" pulses to be
sent to the experiment initiate relays AT1 minutes later. If the end effector is detached prior to
AT1 delay terminal count, the system deenergizes without sending any pulses. In the initiate
sequence noted in figure 16, ATI = 2.5 minutes, and AT2 = 27 minutes.

The system status indicators shown in figure 16 change from black to white to indicate that the
EIS has been activated. The system is designed to change from white to black when the EIS is
deactivated at the end of the mission. However, due to the extended mission, the EIS system was
not deactivated at LDEF retrieval. This decision was based on the desire to study the EIS in the
state in which it had remained for the 69-month mission.

Grapple Fixtures

The LDEF has two grapple fixtures each located in 2/3 of a 6-inch-deep experiment tray. These
fixtures are standard Space Transportation System (STS) hardware items provided by the NASA
Johnson Space Center (JSC) and serve as the interface between the LDEF and the Shuttle RMS. A
standard grapple fixture is located in tray C- 1 and a rigidize sensing grapple fixture is located in
tray C- 10.

The standard grapple fixture in tray C-1 is used for deployment and retrieval of the LDEF by the
RMS. A photograph of this fixture is shown in figure 17. The chevron painted in the bottom of
the tray is a visual aid for the STS crew to use in proximity operations for LDEF retrieval. The
grapple target on either fixture is a visual aid for the RMS operator's use in positioning the end
effector over the grapple spike for capture.

The rigidize sensing grapple fixture shown in figure 16 differs from the standard fixture in that
the grapple spike is spring loaded and will move approximately one inch during the RMS end
effector rigidization. This feature allows this fixture to be utilized as an "on"/"off" switch for the
EIS. The movement of the graplble spike shaft activates microswitches in the EIS curcuit. EIS
state ("on" or "off") indicators are located near the grapple target in view of the RMS wrist camera.
The rigidize sensing grapple fixture is activated by the RMS while the LDEF is latched in the
Shuttle cargo bay.

Batteries

The lithium/sulphur dioxide (LiSO2) batteries used on LDEF were developed by LaRC to meet
strict performance and safety requirements. The batteries were provided in three nominal
capacities: 7.5-, 12-, and 28-volts. A 7.5-volt battery provided power to each EPDS data
electronics, a 12-volt battery provided power for each tape recorder, and batteries of each capacity
were used as required to power experiments. The battery cells were enclosed in hermetically
sealed boxes with approximate dimensions of 6.5 in. x 11.5 in. x 2.5 in. A photograph of the
components of a typical battery is shown in figure 18(a). A photograph of a typical battery
installation on the back of an experiment is shown in figure 18(b).

Other types of batteries were used on two experiments. Nickel cadmium (NiCd) batteries were
used on the Low Temperature Heat Pipe Experiment in tray F-12, and lithium carbon fluoride
(LiCF) batteries were used on the Thermal Control Surfaces Experiment located in tray A-9.
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Thermal

TheLDEF thermaldesignis completelypassiverelyingon surface coatings and internal heat

paths for temperature control and equalization. The LDEF is a cylindrical structure which is open
on the interior. The stable altitude of LDEF, one end Earth pointing and a leading and trailing side,
resulted in one side facing the Sun or space for extended periods of time. All interior experiment
and structure surfaces are painted with an emissivity black paint, Chemglaze Z306 (see fig. 19), to
maximum radiation coupling across the facility and to minimize the thermal gradients around it.

The primary means of achieving temperature control of the average internal temperature of
LDEF and of experiments is by the selection and placement of experiments and by selecting
properties of thermal control coatings. Various types of experiments were placed in a
checkerboard arrangement to equalize thermal properties over the surfaces of LDEF. The average
internal temperature (defined as the mean average temperature of the internal surface of the
experiments) is a result of the heat flow through all the experiments. The goal was to maintain this

interior average temperature between 10oF and 120oF to provide temperatures compatible for
batteries, electronic systems, and experiment special needs.

The experimenters thermally designed their experiments and trays within the LDEF-supplied
guidelines. The experiment thermal boundary conditions are defined in terms of the external flux,
the internal average radiation temperature, and the temperature of the structure where the tray is
mounted. Experiments can be subjected to different thermal environments depending upon their
placement on the LDEF and by the option of coupling radiatively to the interior average temperature
and/or to space. The tray is considered part of the experiment and the boundary is assumed at the
LDEF structure/tray interface.

The prelaunch, launch, and orbital environments in the Shuttle bay are maintained at
temperatures less extreme than the free-flying on-orbit environments by means of mission
constraints such as time limits and attitudes. The heat soak and resultant temperature increase after
landing is maintained by preconditioning the large mass of LDEF prior to reentry and by ground
purge cooling after touchdown.

Ground Support Equipment

The LDEF was mounted on its LATS for all ground operations from initial fabrication through
the integration and again during deintegration at KSC. The LATS is a specially designed trans-
portation system which allows the LDEF to be mounted on a spindle pin in each end and rotated in
a "rotisserie-like" mode to provide access to the facility surface for installation, removal, and other
operations involving experiments or facility systems. During transportation the LDEF is supported
by its four trunnions and keel pin on the LATS in the same manner as it is supported in the Shuttle.

Figure 20 shows the LDEF on the LATS after experiment deintegration. Figure 21 is a photograph
of the LATS with cover installed. This was the configuration used to transport LDEF when moved
from LaRC to KSC and when moved between facilities at KSC.

Various dedicated electronic equipment was used for ground operations involving batteries,
EPDS, and EIS.

Special scaffolding was used in experiment integration and later deintegration in SAEF II at
KSC. Tray lifting fixtures were utilized in installing/removing experiment trays from LDEF.
Tray rotators were used as support systems for experiment operations and also for moving
experiment trays while in SAEF II. Experiment shipping containers were designed to provide a
protective environment while being shipped from experimenters' facilities to/from KSC and



LaRC. Someof thesefacilitiesareshownin photographs(figs.22and23)of operationsin
SAEF II.

LDEFEXPERIMENTS

TableI liststheLDEFexperimentcomplement.Figure24showsthelocationof each
experimentonLDEF. Theseexperimentsaddressedthefieldsof basicscience,technology,and
applicationsproblems.Theygenerallymeasuredspecificspaceenvironmentssuchasmeteoroids,
man-madedebris,andradiationlevels,or, theymeasuredtheeffectsof thespaceenvironmentson
typicalspacecrafthardware.A few experimentsmeasuredspaceenvironmentaleffectsonsimple
formsof life (seeds,spores,andeggs)andoneexperimentinvestigatedthegrowthof crystalsin
reducedgravity.

SincetheLDEF andexperimenthardwarehadremainedin spacefor almost6 years,it was
recognizedthatvaluableknowledgeof spaceenvironmentaleffectscould be gained from detailed
examinations of each piece of retrieved hardware--not just the 10,000 test specimens that were
originally planned for study by the experiment principal investigators (P.I.'s). To facilitate these
expanded investigations four Special Investigation Groups (SIG's) were established: Ionizing
Radiation, Materials, Meteoroid and Debris, and Systems. In addition to investigating the retrieved
non-test specimen hardware, these SIG's were also chartered to generate combined data bases
which will contain the data they generate and the data the experiment P.I.'s in their respective
disciplines generate. These combined data bases should simplify future access to the LDEF-
derived information.

There are several hundred investigators from universities, industries, and government
laboratories in the United States and nine foreign countries involved with the 57 LDEF
experiments. Several hundred other investigators are involved with the LDEF SIG's.
Approximately 3,500,000 students around the world are also involved in the investigations of the
13,000,000 tomato seeds which flew on the LDEF.

LDEF INTEGRATION AND LAUNCH

Some LDEF experiments were integrated into trays at LaRC while others were integrated at
experimenters' facilities. Each fully loaded tray was vibration tested to certify safety for flight as
required by the NASA STS.

Fully loaded trays were shipped from LaRC and experimenter facilities to the KSC for
integration with the LDEF. Each experiment tray was inspected, photographed, and installed on
the facility and the EIS checked. The loaded LDEF was weighed and the center of gravity
measured and adjusted to be within preestablished limits by adding lead ballast to the end frames of
the facility structure.

The LATS was transported to the Operations and Checkout (O & C) Building, the LATS cover
removed and the LDEF removed and installed in the payload transport canister. At this point all
operations with LDEF were "on line" and controlled by KSC. The LDEF and other payload

components were installed in the Shuttle cargo bay at the launch pad.

The STS 41-C flight was launched on April 6, 1984. Figure 25 is a photograph of the liftoff.
On April 7 the RMS was used to activate the EIS and then to deploy the LDEF in a gravity gradient
stabilized attitude. The LDEF was deployed in a near-circular orbit at an altitude of 257 nautical

miles. Figure 26 is a photograph of the LDEF immediately after release.



RETRIEVALAND DEINTEGRATION

Background

WhenLDEF waslaunchedin April 1984theretrievalof LDEF wasscheduledfor March19,
1985,onSTS51-D. In earlyFebruaryshortlybeforethescheduledretrievalthemanifestwas
changedto accommodateadifferentpayloadandtheLDEFretrievalwasdelayedindefinitely. In
January1986theChallengeraccidentresultedin all Shuttleflightsbeingtemporarilyhalted.

Whenit becameapparentthattheLDEFretrievalwouldbedelayed,possiblyby years,orbit
lifetimestudieswereinitiatedatLaRCandJSCto betterplantheretrieval.In August1986LaRC
studiesindicatedthatLDEFreentrycouldoccurbetweenfall 1990andspring/summer1991.A
largeuncertaintywasthesolarflux expectedfrom solarcycle22. Thefirst post-Challenger
manifestpublishedin March1988showedLDEFretrievalonSTS-32in July1989andlaterthat
yeartheAugust1988manifestshowedtheSTS-32launchin November1989.

In early1988it wasbecomingapparentthatsolarcycle22wasmoreseverethannormaland
wasresultingin decreasedorbital lifetimeexpectancy.Lifetimepredictionscontinuedto be
updatedandthelifetimemarginbeyondexpectedretrievalreviewed.Concernwasmountingin
1989thatanysignificantdelayin launchof theretrievalmissionwouldresultin thelossof LDEF.
In June1989thelaunchdatewassetfor DecemberwhileLDEFreentrywaspredictedto belate
January1990.In Decemberproblemswith refurbishedlaunchpad39Acausedthescheduled
December18launchtobedelayed.Dueto theproblemsassociatedwith conductingamissionover
thecomingholidaysandsomeapparentrelief in theorbit lifetime, themissionwasrescheduledfor
January8, 1990.ThelaunchonJanuary8 wasdelayeddueto weatherconditions.TheSTS-32
LDEFretrievalmissionlifted off onJanuary9 andLDEFwasretrievedonJanuary12. This was
some58monthslaterthanoriginallyplannedin 1984.At thetimeof retrievalit wasestimatedthat
reentrywouldhaveoccurredin approximately8 weeks.Very little marginremained.

OperationalPlanning

To preparefor theretrievalmission,all plansandprocedurescoveringLDEF deintegration
operationsat KSCwerereviewed,updated,andapproved.Detailedproceduresincludedeachstep
involvedin thedeintegrationof eachexperimenttrayandthehandlingandoperationsinvolvedwith
all LDEF flight hardware.Additionally,plansweremadefor controllingandrecording
environmentalconditionsinsidetheorbiterbayfrom thetimeof landingrolloutat Edwardsuntil in
theOPFatKSC,andalsoin eachKSCfacility involvedin subsequentLDEFoperations.The
lengthof theLDEF missionmadethedatafromtheLDEFanditsexperimentsvery sensitiveand
specialprecautionsto preservetheintegrityof thesedatabecameparamountinall operational
planning.

In theyearsbetweendeploymentandretrievalall LDEFgroundsupportequipment(GSE),
with theexceptionof theLATS, hadbeenreturnedto LaRCfor storage.In the88/89timeperiod,
all GSEwasremovedfrom storage,inventoried,refurbished,recertified,recalibratedandshipped
to KSCin preparationfor deintegrationoperations.TheLATS wasremovedfrom storageatKSC,
inspected,refurbished,andmadereadyfor use.

All GSEto beusedbyexperimenters,SIG's,andothersupportgroupswasshippedto KSC,
properlydocumented,cleaned,andplacedin theSAEFII buildingwhereLDEFoff-line
deintegrationoperationswereto occur.
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RetrievalMission

TheLDEF retrievalmission(STS-32)majorcargoelementsconsistedof aSYNCOMIV-5
deploy,theLDEFretrieval,andtheIMAX cameraasamid-deckexperiment.Additionally the
interimoperationalcontaminationmonitor(IOCM) instrumentwascardedin thecargobayand
servedto providequantitativedataon thecontaminationenvironmentexperiencedbytheLDEF
during theretrievalandreentryphasesof themission. Constraintswereplacedon therendezvous
operations,proximity operations,operationsaftercapture,andreturnof theLDEF to KSCsothe
retrievedLDEF wouldbein thesameconditionit wasin spaceattheendof the69monthsof free
flight. Theseconstraintswereconsideredin theplanningandexecutionof wastewaterdumpsand
propulsion/controlsystemsbums.

Theretrievalflight waslaunchedfrom KSConJanuary9, 1990,intoa 190x 161nmi orbit at
aninclinationof 28.50.TheSYNCOMwasdeployedon flight day2. Theorbit phasing
maneuversthenbeganto rendezvouswith theLDEF whichwasin a179nmicircularorbit.
RendezvousoccurredonJanuary12. Theproximityoperationsfor LDEFcapturearedepictedin
figure 27.

Thecapturemaneuverplannedwasfor theorbiterto pass300feet(was590feetactual)in
front of LDEF'sflight path,aroundto aninvertedpositionapproximately300feet(was230feet
actual)aboveLDEF andtodescendalongtheRBAR (radiusvectoraxis)for capture.ThisR BAR
approachminimizedreactioncontrolsystem(RCS)firing contaminationof LDEF. TheLDEF was
captured,usingthegrapplefixture in tray C1, at 9:16a.m.CSTonorbit 50eastof Brazil. After
capture and until payload bay door closing, the attitude of the Shuttle was maintained so the LDEF
was always positioned in the wake of the orbiter body. This was done so as not to compromise
the effects on LDEF surfaces of the atomic oxygen encountered during the 69 months of free
flight.

After capture a detailed photographic survey and visual inspection of the LDEF was made. The

purpose of the photo survey was to document the condition of each experiment prior to undergoing
the rigors of reentry, landing, and the ferry flight back to KSC. The RMS was used to orient the
LDEF so that photographs of each experiment tray and of the overall spacecraft could
systematically be taken. The survey photographs were made using KODAK 5017 (Ektachrome
64) film. Original negatives of this survey are archived at JSC.

After completion of the photo survey the LDEF was berthed and the keel latched on orbit 54 at
2:40 p.m. CST over the Indian Ocean. The attitude of the Shuttle was controlled prior to the
payload bay door closings at the end of the 11-day mission to thermally condition the LDEF so
experiment temperatures during reentry and landing would not exceed on-orbit temperatures. After
landing and roll-out at Edwards on January 20, shuttle payload bay ground purge was established
to maintain the desired payload bay environment. During the 69 months in orbit the LDEF had
completed 32,422 orbits of the Earth and travelled over 741,928,000 nmi.

Prior to being mated to the 747 ferry aircraft, special instrumentation was placed in the orbiter
cargo bay to monitor and record environmental conditions during the ferry flight. A limited photo
survey was also made of the end of LDEF facing the cargo bay hatch door.

The ferry flight which included three 747 refueling stops and an overnight stay, was completed
on January 26. A photograph of the orbiter/747 aircraft just prior to touchdown at KSC is shown
in figure 28. The orbiter/747 was moved to the mate/demate facility and the operation to remove
the orbiter began. A photograph, figure 29, taken at the facility shows the cargo bay purge
hookup. Cargo bay purge was also used at intermediate stops on the ferry flight and during the
tow from the mate/demate facility to the OPF. The transfer to the OPF on January 27 started the
"on-line" processing.

11



Shuttle-LDEFDeintegration

InsidetheOPForbiteroperationswerecompletedandthecargobaydoorsopenedunderclean
roomconditions.Figure30 is aphotographof thisoperation.After thedoorswereopeneda
specialteammadearadiationsurveyof theLDEF to ensurepersonnelsafety.Theremovalof the
LDEF from theorbiterandplacementin theKSCpayloadtransportcanisteris shownin figures31
and32. Duringthelift of LDEFfrom theorbiteraphotosurveywasmadeof all visible
experimenttrays. ThepayloadcanisterdoorswereclosedandmadereadytoleavetheOPF.

Thepayloadtransportcanisterwasmovedfrom OPFto theO&C building. During themove,
groundpurgewasusedto controltheenvironmentinsidethepayloadcanister.InsidetheO&C the
LDEF waslifted fromthecanisterandplacedin theLATS. Thisended"on-line"operationsunder
controlof KSC operationsandbeganoff-line operationsundercontrolof LaRC. TheLATS had
beencleanedto cleanroomconditions.A photographof this transferis shownin figure33. After
LDEF wasplacedon theLATS, theLATS coverwasinstalledandtheLATS, withatowedunit
providingelectricalpowerfor theair conditioning,wasmovedto theSAEFII buildingto beginthe
monthsof LDEF deintegration.

LDEF/ExperimentDeintegration

TheLATS wasplacedin theairlockof SAEFII anditsexterior cleaned.It wasthenmoved
from theairlock intoSAEFII cleanroom. Theseoperationsareshownin figures34
and35. The cleanroomwasmaintainedat Class100,000throughouttheensuingdeintegration.
Themovementof all personnelandequipmentintoandoutof thecleanroomwastightly
controlled.All equipmentwasthoroughlycleanedbeforeenteringthecleanroomandall personnel
woreappropriatecleanroomclothing.A majorobjectivewasto minimizecontaminationof the
LDEF andexperimentswhile in thecleanroom.

TheLATS coverwasremovedandthesupportingstructureontheLATS wasconfiguredfor
therotationmode.Figures36and37showtypicaloperations.TheLDEF wasthenreadyfor
"first-look" visual inspectionby thepress,investigators,SIGmembers,andotherappropriate
personnel (seefig. 38).

A detailedphotosurveyof theLDEF andeachexperimentwasmadeinparallelwith the
inspection.ThesurveywasdoneusingKODAK VericolorIII 160film andusingfilm identical
(samelot andemulsion)asthatusedfor the in-orbitphotosurvey.Strobelighting wasused.The
originalnegativesfor this surveyarearchivedatKSC.

RadiationmeasurementsweremadebytheRadiationSIGwith LDEFin variousrotation
positions.Theinstrumentationwassetupeacheveningandleft overnightto collectdata.The
instrumentationsetupis shownin figure39.

After inspections,photosurveyandradiationmeasurementswerecompleted,scaffoldingwas
rolledintoplacealongthesideandendsof LDEFto provideaccessfor deintegration.The
MeteoroidandDebris(M&D) Teammadeavisualsurveyandrecordedthepresenceof significant
meteoroidimpactsonall trayclips,clip bolts,andtrayflangesthatwouldbeaffectedby the
placementof experimentcovers.Protectivecoverswerethenplacedonall experimenttraysto
protectexperimentsurfacesduringtrayremoval.Tray coverswerealsousedin otheroperationsin
SAEFII andwhentrayswereshipped.
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Thedeintegrationof traysfrom thefacility startedonFebruary23andwascompletedon
March27. Thesequenceof trayremovalis shownin TableII. Thecorrelationof traynumberand
experimentnumberis showninTableI andfigure24.

Figure40 showsatraylifting fLxturebeingboltedto atray flange. After the tray lifting fixture
was secured the clips holding the tray in place were removed. The torque required to break each
clip bolt free was recorded. Figure 4I shows a typical tray after being removed and lowered to the
floor being inspected for space debris impacts on tray flanges. These surfaces would later be in
contact with tray rotator fixtures and any craters present could be affected.

Outside surfaces of each tray were inspected for contamination and discoloration and
photographed if present while still being suspended from the overhead crane. A typical photograph
is shown in figure 42. Each tray was then moved to the M&D work station where the complete
surface of the experiment and nay was inspected for impact craters, and documented using special
instrumentation. Figure 43 shows a tray being scanned.

Each tray was then taken to a special area for a detailed photo survey. Figure 44 shows such a
typical photo setup. The front and back surface of each experiment tray was photographed in
detail. Closeups of each 1/6 of the front and the back of peripheral trays and 1/4 of the front and the
back of end trays were made. Additional closeups were made of any unusual details found. All
photographs were processed by the KSC and all original negatives are archived there.
Photographs were taken using KODAK Vericolor IlI 160 film using color balanced flood lights.

Experiments were checked for contamination by Systems SIG members. Measurements were
made and recorded when appropriate. Figure 45 shows a typical tray setup for contamination
measurements.

After M&D scan, photo survey, and contamination measurements were complete, trays were
ready for deintegraton if appropriate. Experiments were removed from those trays with multiple
experiments. Batteries were checked for leaks and voltages measured and then removed. MTM
tape recorders were removed from each EPDS and returned to the manufacturer for checkout
before data readout.

Thermal properties were measured on some tray and experiment surfaces. Figure 46 shows
such measurements being made.

Each experimenter performed his unique procedures as required. This included additional
photos, sample removal, measurements and examinations. Support was provided as required.

The final operation for trays and experiments was the preparation and shipping to the
experimenters' laboratories. Figure 47 shows a tray being placed in a shipping container.

After the tray deintegration was complete, thermal panels and other systems were removed. The
wiring harness was inspected, tested, and removed. The lead ballast used to adjust the LDEF c.g.
when flown was removed. The EIS was removed and tested. Photo and video surveys were
made of the LDEF structure. Each surface, both interior and exterior, was included. The M&D
Team made a systematic scan of the outer surfaces of the facility structure using the same
instrumentation as used in individual tray surveys. Contamination measurements, tape lifts and
scrapings were made of SIG-specified areas of structure contamination.

Nondestructive tests (eddy current) were made of LDEF welds and dye penetrant tests were
made on trunnion and keel pin mounting holes in the facility center ring (see fig. 48) and the
trunnion mounting holes in the end support beam. Torque measurements were made on selected
bolted joints of the facility structure. The flight trunnions and the keel pin were removed for
testing and replaced with those used during ground transport.
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After completionof LDEF deintegrationandtesting,thebarefacility structurewasthenmade
readyfor storage.TheLATS coverwasinstalledandtheLATS removedfrom theSAEFII
building (seefig. 49). TheLATS wastransported(seefig. 50)to ahangarfor storageon
May 14,1990.At presentthefacility remainsin storage,its futureuncertain.
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EXP. NO,

Table 1.- LDEF experiment complement

TITLE TRAY NOS.

AOOI5

AO019

A0023

A0034

A0038

A0044

A0054

A0056

A0076

AOII4

A0133

AO134

Free-Flyer Biostack Experiment
Institute fur Flugmedizin, DFVLR

Influence of Extended Exposure in Space on
Mechanical Properties of High-Toughness

Graphite-Epoxy Composite Material

University of Michigan

Multiple Foil Microabrasion Package

University of Kent

Atomic Oxygen Stimulated Outgassing

Southern University/NASA-MSFC

Interstellar Gas Experiment
NASA-JSC/Universfty of Bern

Holographic Data Storage Crystals for LOEF

Georgia Institute of Technnlogy

Space Plasma High Voltage Drainage

TRW Space and Technology Group

Exposure to Space Radiation of High-Performance

Infrared Multilayer Filters and Materials
Technology Experiments

University of Reading/British Aerospace

Cascade Variable Conductance Heat Pipe
McDonnell Douglas Astronautics Company

Interaction of Atomic Oxygen with Solid Surfaces
at Orbital Altitudes

University of Alabama in Huntsville/NASA-MSFC

Effect of Space Environment on Space Based Radar
Phased Array Antenna

Grumman Aerospace Corporation

Space Exposure of Composite Materials for Large
Space Structures
NASA-LaRC

C2, G2

DI2

C3, C9, 012, E6,
HII

C3, C9

E12, FS, H6, H9

E5

B4, DIO

BB, GI2

Fg

C3, C9

H7

Bg
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EXP. NO.

Table 1.- (continued)

TITLE TRAY NCS.

_01 35

AOI28-1

AOI28-Z

A0138-3

AO138-a

A0138-5

AOI3B-6

A0138-7

A0138-_3

A0138-9

A0138-_0

AO[39A

Effect of Space Exposure on Pyroelectric Infrared
Detectors
NASA-LaRC

Study of Meteoroid Impact Craters on Various Materials
CERT/ONERA-DERTS

Attempt at Dust Debris Collection with Stacked
Detectors

CERT/ONERA-DERTS

Thin Metal Film and Multilayers Experiment
CNRS/LPSP

Vacuum Deposited Optical Coatings Experiment
Optical Division, Matra S. A.

Ruled and Holographic Gratings Experiment
Inst. SA/JOBIN-YVON Division

Thermal Control Coatings Experiment
CERT/ONERA-DERTS, CNES/CST

Optical Fibers and Components Experiment
CERT/ONERA-OERTS

Effect of Space Exposure of Some Epoxy Matrix

Composites on Their Thermal Expansion and

Mechanical Properties
Space Division, Matra S. A.

The Effect of the Space Environment on Composite
Materials

AerospatiaIe

Microwelding of Various Metallic Materials Under
Ultravacuum

Aerospatiale

Growth of Crystals from Solutions in Low Gravity
Rockwell International Science Center

Technica] University of Denmark

E5

B3

B3

B3

B3

B3

B3

B3

B3

B3

B3

G6
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EXP. NO.

A0147

AOI71

A0172

A0175

A0178

AOI80

A0187-I

A0187-2

A0189

A0201

Table I.- (continued)

TITLE

Passive Exposure of Earth Radiation Budget

Experiment Components
The Eppley Laboratory, Inc.

Solar Array Materials Passive LDEF Experiment
NASA-MSFC/NASA-LeRC/NASA-GSFC

Jet Propulsion Laboratory

Effects of Solar Radiation on Glasses
NASA-MSFC/Vanderbilt University

Evaluation of Long-Duration Exposure to the Natural

Space Environment on Graphite-Polyimide and

Graphite-Epoxy Mechanical Properties
Rockwell International Corp. (Tulsa Facility)

A High Resolution Study of Ultra-Heavy Cosmic

Ray Nuclei
Dublin Inst. for Advanced Studies,

ESA-ESTEC

The Effect of Space Environment Exposure on the

Properties of Polymer Matrix Composite Materials
University of Toronto

Chemistry of Micrometeoroids
NASA-JSC/Univ. of Washington,
Rockwell Int. Science Center

Chemical and Isotopic Measurements of Micrometeorolds

by Secondary Ion Mass Spectrometry
McDonnell Center for the Space Sciences
Max-Planck Institute fur Nuclear Physics

Munich Technical University
Ernst-Mach Institute

Dornier System Manufacturing Company

Study of Factors Determining the Radiation
Sensitivity of Quartz Crystal Oscillators
Martln Marietta Laboratories

Interplanetary Dust Experiment
Institute for Space Science and Technology
NASA-LaRC
North Carolina State University

TRAY NOS.

Ba, G12

A8

D2. G12

AI, A7

A2, A4, AIO, BS,

B7, C5. C6, C8,
Cll, DI, DS, DT,

D11, E2, EIO, F4

D12

A3, A11

C2. E3, E8

D2

BI2, C3, C9, 06,
GIO, Hll
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EXP. NO.

Table 1.- (continued)

TITLE TRAY NOS.

MOO0t

MOOD2-1

MO002-_

MOO03

M000,1

MOO06

PO003

P0004-1

P0004-_

P0005

PO006

SOOOl

Heavy Ions in Space
Naval Research Laboratory

Trapped Proton Energy Spectrum Determination

AF Geophysics Laboratory

Measurement of Heavy Cosmlc-Ray Nuclei on LDEF
University of Kiel, Federal Republic of Germany

Space Environment Effects on Spacecraft Materials

The Aerospace Corporation

Space Environment Effects on Fiber Optics Systems

AF Weapons Laboratory

Space Environment Effects

AF Technical Apo11catlons Center

LDEF Therma] Measurements System
NASA-LaRC

Seeds in Space Experiment
George W. Park Seed Company, Inc.

Space-Exposed Experiment Developed for Students
(SEEDS)
NASA Headquarters

Space Aging of Solid Rocket Materials

Morton-Thioko], Inc.

Linear Energy Transfer Spectrum Measurement
Experiment

University of San _rancisco/NASA-MSFC

Space Debris Impact Experimen_
NASA-LaRC

H3, HI2

D3, D9, GI2

E6

O3, Dd, D8, O9

F8

C2

Center ring

F2

F2

Center ring

F2

A5, A6, AI2, _I,
B2, B6, 68, BII,
C4, C7, g2, D6,
El, Ed, ET, Eli,
Fl, F3, F5, FT,
FlO, Fll, Gd, GS,
H5
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EXP. NO.

Table 1.- (concluded)

TITLE TRAY NCS.

SO010

SOOt4

Exposure of Spacecraft Coatings
NASA-LaRC

Advanced Photovoltaic Experiment
NASA-LeRC

Bg

Eg

S0050

S0050-I

SO06g

S0109

SIO01

SI002

SI003

$1005

SI006

Investfgatfon of the Effects of Long Duration
Exposure of Active Optical System Components

Engr, Exp. Station, Georgia Inst. of Technology

Investigation of the Effects of Long Duration
Exposure on Active Optical Materials and
UV Detectors

NASA-LaRC

Thermal Control Surfaces Experiment
NASA-MSFC

Fiber Optic Data Transmission Experiment

Jet Propulsion Laboratory

Low Temperature Heat Pipe
NASA-GSFC/NASA-ARC

Investigation of Critical Surface Degradation

Effects on Coatings and Solar Cell_ Developed
in Germany
Messerschmitt-Bolkow-BIohm Space O(vislon

[on Beam Textured and Coated Surfaces Experiment
NASA-LeRC

Transverse Fiat Plate Heat Pipe Experiment
NASA-MSFC/Grumman Aerospace Corporation

Balloon Materials Degradation
Texas _&M University

E5

E5

Ag

C12

F12, HI

E3

E6

BIO

E5
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Table 2.- Sequence of tray removal.

I_ANGLE"YRE _ CENTE R

APPROVAL

MONTt-
nATC P

Remove F-2. C-5. C-6 •
Remove D-7, D-8, D-9 !•
Remove F-12 MTM. E-4 •
Remove D-4, D-3, A-8, A-9 •
RemoveB-10, C-8. C-4 B.1 •
Remove C-9. C-3. H-5, F-10. Fll •

Remove F-6, E-12, H-g, H-6
Remove B-3, B-2, E-l, F-5
R_mov_ A-I'{. A-6. G-6. F-7. B-I_.
Remove B-12, A-5, A-4, A-3

Remove E-8. D-11. D-10. E-3
Remove E-9

Remove B-_). C-2. G-2. B-8
Remove F-8. H-7. E-6
Remove G-12. H-12. H-3. D.12
Remove D-2. H-11. G-10. D-6
Remove C-11, E-5, F-l, B-4
Remove A-7. C-7. A-I

IR_mn_ C:-12 A-1CI A-12 B-5 F- [1

RemnvR F-4 B-6 D-5. F-7 F-3

Remove E-10. G-4. D-1. G-8
Remove B-7, A-013gA Batteri,_s

_ Remove A-2, E-2, P-0003, H-l, F-12, P-0005, F-9_
Process Trays [ I l 1 l

I 1111
Note: Refer Io approved hardware deintegration schedule.

LDEF O PLAN

ORDER OF TRAY REMOVAL 3 / 2 8 / 9 0
Pg 1 of 2

FEB uA_c_
_' P P I .') F,, R 7 Fl !q lP 1:_ 14 1 lfi _,P£1 2172 23 C) P7_ 2q

• I

i•
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LDEF Orbital
Flight Orientation

/

Figure 1.- LDEF orbital flight orientation. (Photo L-91-652)

Figure 2.- Photograph of viscous magnetic rate damper and protective housing base.

(Photo KSC-390C-3383.07)
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Figure 3.- Photograph of LDEF several minutes after deployment. (Photo L-84-04337)
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Figure 4.- Photograph of LDEF prior to retrieval. (Photo L-90-10468)

Figure 5.- LDEF structure mounted on LDEF Assembly and Transportation System (LATS).
(Photo L-83-2797)
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Figure 6.- LDEF structural configuration and identification of experiment locations.
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Figure 7.- Photograph of 12-inch deep, 6-inch deep, and 3-inch deep peripheral experiment trays.
(Photo L-76-3431)
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TRAY MOUNTING TO LDEF STRUCTURE

TrayClampAssembly
ft..

TrayMounting
Flange

Typi_ _ -_LDEF

Ped.pheral

i ray [__

..- ShimBlock

/// LDEFPrimary
;/.,////"- StructureBeam
//,/

///
..-//
///
///

///
///
///

///

Detail A-A

Figure 8.- Sketch of tray mounting to LDEF structure.

Figure 9.- Typical side and comer tray clamps. Clamps with and without white dots are shown,
(Photo L-83-9460)
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EXPERIMENT

I
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'1 -I M_&
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i

LDEF
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BUFFER
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DATA
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CONTROL

I PARALLEL
DIGITALDATA

._ ANALOGDATA

Q SERIALDATA

_ ENABLE

o !
=: TIMING I

,READY I
I
I

DPCA

I p I
I I I I

DIGITAL l _
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I TIMING I I I

ll__._J D.C.- D.C. Il & CONV, I
CONTROL

I l I J
D,I J l__ _

_POWER

l SWITCHING

BATTERIES

t-
I

INITIATEJRES

Figure 10.- Experiment power and data system (EPDS) block diagram.

Figure 11.- Typical experiment power and data system (EPDS) installation in experiment tray.
(Photo KSC-390C-2003.12)

26
OL./',CK AND WHIT£ Fi-iOTC, SRAPH



Figure 12.- Photograph of experiment environmental control canister (EECC) with test specimens
installed. (Photo L-83-10,250)

I J

LDEF INITIATE BOX

EXPERIMENT TRAY

---- SWITCHES j

STATUS 1

INDICATORS

CONTROL LOGIC

CLK

T1 TIMER

PWRONI_AT 1

CLK

T2 TIMER

PWR OFF ]

RESET SELECT

PRECONDIT_N !

PULSE

RELAY DRIVE

ENABLES

NOTE:

END EFFSW_TCHES,

LOGIC PWRBOARD AND

CONTROL LOGIC BOARD

ARE REDUNDANT

Figure 13.- Experiment initiate system (EIS) functional flow.
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I
Figure 14.- Experiment initiate system (EIS) box and batteries mounted on center ring.

(Photo KSC-390C- 1461.02)

STS
ON ORBIT

FF_

DERIGIDIZE

RIGIDIZE

ACTIVATE
EXPERIMENT

INITIATE SYSTEM

LDEF
ORBIT

ACTIVATE
EXPERIMENT

INITIATE SYSTEM

STS
ON ORBIT

/J ' __--__. AT(__---AT2 /_/_ AT1

(_Begin controlcycle

(_)lf resetand end effectorstays in for AT1, then "set"- statusindicatorschangefrom
blackto white

@)If setand effectorstays in for AT1, then"reset"- statusindicatorschangefrom
white to black

(_)Terminatecontrolcycle

Figure 15.- Experiment initiate system (EIS) operational sequence.
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Figure 16.- Grapple fixture in tray C-10 (used to activate experiment initiate system [EIS]).
(Photo L-84-7315)

Figure 17.- Grapple fixture in tray C-1 (used for deployement and retrieval). (Photo L-90-01503)

OR!,-_,N,'_E PACE

BLACK AND W,H;TE" _',_O]OGRAPH

29



3O

Figure 18(a) .

Battery COmponents. (PhOto L'78-5152)

Fig_u,e 18(b).. Batteries located on back of typical experiment .

(Photo L'90-03121)
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Figure 19.- Interior of LDEF. Note experiment initiate system (EIS) and batteries on center ring.
(Photo L-90-01533)

Figure 20.- LDEF on LDEF Assembly and Transportation System (LATS) after experiment tray
removal. (Photo KSC-390C-2366.07)
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Figure 21.- LDEF Assembly and Transporation System with cover installed.
(Photo KSC-390C-2774.02)
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Figure 22.-
Ground support equipment in use in Spacecraft Assembly and Encapsulation

Facility II (SAEF II). (Photo KSC-390C-2749.08)
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Figure 23.- Typical tray shipping container. (Photo KSC-390C-1471.12)
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Figure 24.- Sketch showing experiment placement on LDEF.

O.Pt_! ,,L. _, ::

BLAC._ ,',;,D V,,'H_T.L _ ,.")'. f_GRAPH

33



Figure 25.- Liftoff of STS-41C. (Photo L-84-5648)
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Figure 26.-
LDEF immediately after deployment. (Photo L-84-04318)
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PROXIMITY OPERATIONS

(TARGET AT CENTEROF ROTATING
LVLH REFERENCEFRAME)
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Figure 27.- Proximity operations for LDEF capture.
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Figure 28.- Ferry aircraft prior to landing at KSC. (Photo L-90-10836)
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Figure 29.-
Orbiter in Mate/Demate Facility.

(Photo KSC-390C-583.05) Payload bay purge lines being connected.
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Figure 30.- Payload bay doors being opened in Orbiter Processing Facility.
(Photo L- 90-01079)

Figure 31.- LDEF being lifted from cargo bay. (Photo L-90-01087)
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Figure 32.-
LDEF being lowered into payload canister in Orbiter Processing Facility.(Photo KSC-390C-619.12
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Figure 33.- LDEF being transferred from payload canister into LDEF Assembly and
Transportation System in Operation and Checkout Building.

(Photo L-90-1258)
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Figure 34.- Transfer of LDEF Assembly and Transportation System (LATS) into Spacecraft
Assembly and Encapsulation Facility II (SAEF II) airlock. Note street clothes.
(Photo L-90-01555)

4O

Figure 35.- Transfer of LDEF Assembly and Transportation System (LATS) from airlock into
clean room of Spacecraft Assembly and Encapsulation Facility II. Note clean room
clothing. (Photo L-90-01553)
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Figure 36.- LDEF Assembly and Transportation System (LATS) cover being removed in
Spacecraft Assembly and Encapsulation Facility II (SAEF II).
(Photo KSC-390C-2774.09)

Figure 37.- LDEF Assembly and Transportation System (LATS) being configured for Spacecraft
Assembly and Encapsulation Facility II (SAEF II) operations
(Photo L-90-01728)
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Figure38.-

.t

Personnel inspection LDEF. (Photo L-90-02273)
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Figure 39.-

i,

Radiation measurements instrumentation setup. (Photo K_-'_'_C-760.^7-_,,_._'vu)
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Figure 40.- Tray lifting fixture being attached to tray flange. (Photo L-90-03089)

Figure 41.- Tray being inspected prior to being placed on rotator. (Photo L-90-03082)
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Figure42.- Exampleof traycontamination.(PhotoKSC-390C-1537.12)
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Figure43.-
Experimentbeingscannedfor meteoroidanddebrisimpacts. (PhotoL- 90-03135)
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Figure 44.- Experiment tray set up for photo survey. (Photo L-90-03088)
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Figure 45.- Tray set up for contamination measurements. (Photo L-90-03033)
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Figure 46.-
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Thermal properties measurements of experiment surfaces.
(Photo L-90-03039)
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Figure 47.-

g

Placement of experiment tray into shipping container. (Photo KSC-390C-1471.08)
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Figure 48.- Dye penetrant test on trunnion mounting holes in center ring structure.
(Photo KSC-390C-3768.08)

Figure 49.- LDEF Assembly and Transportation System (LATS) containing LDEF structure
leaving Spacecraft Assembly and Encapsulation Facility II (SAEF II).
(Photo KSC-390C-3974.05)
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Figure 50.-

LDEF Assembly and Transportation System (LATS) containing LDEF structure beingplaced in storage. (Photo KSC-390C-3976.11)
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SUMMARY

The LDEF was retrieved from Earth orbit in January 1990 after spending almost 6 years in space.
It had flown in a near-circular orbit with an inclination of 28.5 degrees. Initially the orbit altitude was
approximately 257 nautical miles; however, when the LDEF was retrieved the orbit altitude had
decayed to approximately 179 nautical miles. The LDEF was passively stabilized about three axes
while in free flight, making it an ideal platform for exposing experiments which were measuring the
environments of near-Earth space and investigating the long-term effects of these environments on
spacecraft. This paper presents a brief overview of the encountered environments that were of most
interest to the LDEF investigators.

INTRODUCTION

National Aeronautics and Space Administration (NASA), Department of Defense (DOD), and other
government agencies need accurate knowledge of the near-Earth space environments and the effects
of these environments on spacecraft to efficiently and reliably implement their space programs.
Uncertainties, for example, in our current knowledge of the man-made debris, the natural meteoroid,
or the radiation environments, and the effects these environments can have on spacecraft may result in
the installation of thousands of pounds of unnecessary shielding on spacecraft such as Space Station
Freedom. An even more critical concern, however, is the fact that the uncertainties in our current

knowledge of these same environments and their effects may also result in the development of
spacecraft that will fail to accomplish their mission objectives. This would result in the loss of large
national investments.

Accurate knowledge of the space environments is also highly desirable science to better understand
the origin and evolution of our universe.

In-space experiments are a necessary part of research programs to define the environments of
space, and in many cases are also a necessary part of research programs to define the effects of these
environments on spacecraft. For example, the effects of atomic oxygen impingement and effects of
hypervelocity meteoroid and debris impacts on spacecraft cannot be very well simulated in the
laboratory. The effects of other environments such as reduced gravity and the synergistic effects of all
of the environments found in space are impossible to study in the laboratory; they can only be studied
with in-space experiments. The LDEF was developed to provide opportunities for these types of
needed in-space environment and environmental effects experiments.
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Theenvironmentsthatwereof mostinterestto thePrincipalInvestigatorsof theLDEFexperiments
wereatomicoxygen,ionizingradiation,naturalmeteoroids,man-madedebris,ultraviolet(UV)
radiation,vacuum,andthevery low gravity.Thispaperprovidesabrief overviewof these
environmentsastheyaredefinedin pre-LDEFinfluencedmodels.Thecontributionsfrom individual
LDEFexperimentsto ourknowledgeof theseenvironments,andto ourknowledgeof theeffectsof
theseenvironmentsonspacecraft,havebeenandwill continuefor sometimeto bereportedby the
respectiveLDEF experiment Principal Investigators in various publications. In a few cases,
however, early reported significant contributions from LDEF experiments to the definitions of these
environments are noted in this paper.

It is the intent of this paper to provide the reader with an introductory composite picture of the
environments of space which the LDEF and the experiments encountered for the prolonged 69
months' stay in orbit.

BACKGROUND

The LDEF was launched into Earth orbit in April 1984 at a time of near-minimum activity in the
Surfs 11-year solar cycle, and it was retrieved almost 6 years later in January 1990 at a time of near-
maximum solar activity. The variation in the 10.7cm radiation levels over the mission life is shown in
figure 1. The widely varying levels of solar activity, which were monitored by the 1{).7 cm radiation,
by counts of solar flares and Sun spots, and by measurements of the geomagnetic index, had a major
effect on the near-Earth space environments encountered by the LDEF and the onboard experiments.

I0,7 cm Solar Ftux
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Fig. 1.- Solar activity as indicated by the 10.7 cm flux recorded during the time of the LDEF mission.

During LDEF's stay in space, it flew in a circular orbit having an inclination of 28.5 degrees. The
orbit altitude was initially approximately 257 nautical miles. When the LDEF was retrieved, the orbit
had decayed to an altitude of approximately 179 nautical miles. The history of the decay of the LDEF
orbit altitude is illustrated in figure 2 (ref. 1).
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Fig. 2.- LDEF orbit altitude history.

The altitude decay, as can be seen in figure 2, was very slow during the first 4 years of the
mission. The intense UV radiation from the Sun which occurred during the very high solar activity in

1989 (see fig. 1) greatly expanded the effective atmospheric density at the LDEF orbital altitude, and
thus the LDEF orbit was decaying very rapidly by the January 1990 recovery date. In fact, the LDEF
would have reentered and been destroyed within another few months (see fig.3). The situation was so
critical that some individuals in fact began to play the part of "Chicken Little" and literally cry out,

"The LDEF is falling!"
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Fig. 3.- The LDEF predicted lifetime.

51



The orientation and stability of LDEF was such that it had a constant drag coefficient throughout
the mission. Because of the constant drag coefficient, the LDEF uacking data obtained by North
American Air Defense Command (NORAD) and the measurements of the solar 10.7 cm radiation and

magnetic indexes obtained by the National Oceanic and Atmospheric Administration (NOAA) during
the LDEF mission can be used to generate a unique set of measurements of the atmospheric density at
the LDEF orbital altitude as a function of solar activity from solar minimum to solar maximum. This

data set can be used by atmospheric scientists to check the current models of the Earth's upper
amaosphere and its response to solar activity and to guide revisions in the models if necessary.
Accurate models of the atmospheric densities are critical to the design and operation of large precision-
pointing spacecraft such as the Hubble Space Telescope and Space Station Freedom.

The very rapid changes that can occur in the atmospheric density with changes in the solar activity
are reflected in the LDEF ahitude decay rate curve presented in figure 4 (ref. 2) for a period of rapidly
changing solar activity.
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Fig. 4.- The I,DEF orbit decay rate as a function of time during a period of rapidly changing solar
activity.

The LI)EF was passively stabilized about three axes while in free flight. Its orientation, as
illustrated in figure 5, remained essentially such that one side always faced east in the direction of
travel (velocity vector), one side always faced west in the trailing direction, and two sides were

p_uallel to the velocity vector (one facing north and one facing south). One end of the LDEF always
faced essentially toward the center of the Earth and the other end always pointed away from the Earth
into deep space. Postflight observations of the LDEF surfaces* have revealed that the facility
actually flew with a slight yaw (the most eastward LDEF face was canted 8 degrees toward the
north), and the LDEF had a very slight pitch (the space end of the eastward face was also canted

R)rward approximately 2 degrees). The postflight observations have also revealed that the facility, late
in the mission, had essentially no oscillations about any of the three axes. The facility may have had
some slight slow oscillations for a brief period just after it was deployed.

Private communication from Bruce Banks, NASA Lewis Research Center, Cleveland, Ohio.
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Fig. 5. - LDEF orientation.

Since many effects of the environments of space are orientation or velocity-vector dependent
(meteoriod, man-made debris, trapped proton, and atomic oxygen environments for example), the
very stable LDEF orientation with respect to the velocity vector was an extremely important LDEF
feature.

ATOMIC OXYGEN

Atomic oxygen is the predominant species present at the LDEF orbital altitudes and thus the LDEF
drag data can be viewed as an indication of the magnitude of the atomic oxygen fluence the LDEF
encountered at any given time. The fluence of atomic oxygen striking a given LDEF surface was a
function of the LDEF altitude, the orientation of the surface with respect to the LDEF velocity vector,
the solar UV radiation, and the Earth's magnetic index. The 10.7 cm solar flux (fig. 1) is used as an
indicator of the UV radiation since there are no active satellites capable of monitoring the UV
radiation. The UV radiation cannot be monitored from the ground because of atmospheric absorption.

The history of the atomic oxygen flux striking the leading surfaces of the LDEF during the mission
is presented in figure 6. This flux history* was calculated using current upper atmospheric
models, the history of the tracked LDEF altitude, and the monitored 10.7 cm solar radiation and
magnetic indexes. As can be noted, the atomic oxygen flux during the latter months of the mission
was almost two orders of magnitude greater than the flux encountered early in the mission.

The thermal velocity of the atomic oxygen in near-Earth space is low compared to the orbital
velocity of the LDEF and, for that reason, the atomic oxygen total fluence on the leading surfaces of
the LDEF was much greater than that on the trailing surfaces. Figure 7 shows the calculated
distribution of the total atomic oxygen fluences on each of the 12 sides of the LDEF. * As can
be seen, the fluence on the forward-facing east side is approximately 19 orders of magnitude greater
that that on the trailing west. The fluence on the south side is slightly higher than that on the north
because of the slight yaw in the LDEF orientation.

*See footnote on previous page.
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Fig. 6.- History of atomic oxygen fluence on LDEF leading surfaces.
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IONIZING RADIATION

Because the LDEF orbit altitude was well below the Earth's Van Allen radiation belts, except at the
small region of the belt that is generally referred to as the South Atlantic Anomaly, the LDEF and the
onboard experiments were exposed to only modest levels of ionizing radiation. The penetrating
ionizing radiation the LDEF did receive resulted primarily from protons trapped in the South Atlantic
Anomaly region of the Van Allen belts and, to a much lesser degree, from galactic cosmic rays. The
predicted trapped proton integral fluence for the LDEF is presented in figure 8.

The geomagnetically trapped electrons dominated the LDEF surface absorbed radiation dose. The
integral fluence of the trapped electrons on the LDEF is presented in figure 9.
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Fig. 8. - Predicted integral fluence of trapped protons striking the LDEF.
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Fig. 9. - Predicted integral fluence of trapped electrons striking LDEF surfaces.
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Primary ionizing passive radiation detectors were included in 15 of the LDEF experiments and
these detectors along with postretrieval measurements of the induced radiation in LDEF materials have
and will continue to provide valuable information for refining the current models of the radiation
environment near Earth and the calculations of the ionizing radiation the LDEF actually received.
Measurements of the induced radioactivity in selected aluminum experiment tray clamps from the
LI)EF have, for example, confirmed an anisotropy situation in the trapped protons in the South
Atlantic Anomoly. The west-facing LDEF surfaces received a higher trapped proton fluence than did
the east-facing surfaces.

NATURAL METEOROIDS AND MAN-MADE DEBRIS

The current models which are most frequently used to predict natural meteoroid and man-made
debris impacts on spacecraft are shown in figure 10.
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Fig. lO.-The most frequently used models for predicting meteoroid and man-made debris impact
fluxes as a function of particle size.

Based on these models the largest man-made debris p_u-ticles or the largest natural meteoroid

particles one should expect to have impacted on the LDEF would be approximately .5 mm in
diameter. An impact by a particle of this size is consistent with the size of the largest craters observed
on the retrieved LDEF. These models also indicate that in the particle size range from approximately
.()2mm to .2ram more of the impacting particles would have been natural meteoroids rather than man-
made debris. In the size range less than .02ram in dian_eter, the models indicate that man-made debris
pmticles should have dominated the impacts.

The man-made debris model includes an assumption that the small debris particles are in orbits
similar to the orbits observed for the large trackable Earth orbiting debris objects. This assumption
means that debris p_u-ticles would have impacted primarily on the leading surfaces of the LDEF and

that no debris impacts should be expected on the trailing LDEF surfaces (craters with man-made
debris rcsidue in them, however, have been found on the trailing LDEF surfaces).
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Themodelfor thenaturalmeteoroidsassumesthattheyapproachtheEarthrandomlyfrom all
directionswith adistributionof velocitiesthataveragesabout20km persec.This assumptionmeans
thattheleadingsurfaceof theLDEF wouldalsohavebeenimpactedmorefrequentlybymeteoroids
thanthetrailingLDEF surfaces.Themeteoroidmodels(ref.3), unlikethedebrismodels,indicate
thata substantialnumberof meteoroidparticleswill strikethetrailingsurfacesof theLDEF (thisis
generallyconsistentwith thedistributionof thecratersfoundon theLDEF).

TheInterplanetaryDustExperimentwhichwasflown on theLDEFhadverysensitivedetectors
mountedaroundtheLDEF suchthattheyfacedeast,west, north, south,towardtheEarth,andout
towarddeepspace.Theimpactcountsrecordedby themoresensitiveof thetwotypesof detectors
flown in thisexperimentduringthefirst yearin orbit arepresentedin figure 11.t

. Detector Arrays Mounted on 6 Sides of LDEF
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Fig.- 11. Distribution of impacts counted by LDEF Interplanetary Dust Experiment detectors mounted
on the respective sides of the facility.

The Interplanetary Dust Experiment also recorded the precise time each of these impacts occurred
as illustrated in figure 12. It can be noted that the events are certainly not random in time.

Measurements of the chemistry of the impactor residue that is present in most of the craters on the
LDEF surfaces, which have just begun, will be extremely valuable in separating the man-made debris

impacts from the natural meteoroid impacts. This separation will allow the two models (meteoroid and
debris) to be evaluated independently. The preliminary indications are that errors exist in both models.

t Private communication from J. Derral Mullholland, Institute for Space Science and Technology,

Gainsville, Florida.
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Fig.- 12. Distribution of impacts counted by LDEF Interplanetary Dust Experiment detectors as a
function of time during the first year in orbit.

SOLAR FLUX

All of the exterior LDEF surfaces received direct solar illumination for periods of time during the

69-month mission. The cumulative times for the illumination of individual surfaces on the facility

varied from 10 percent to 25 percent of the total mission time. The cumulative illumination time per
orbit varied as the angle between the Sun's illumination vector and the plane of the LDEF orbit varied.
The minimum cumulative illumination occurred when the LDEF orbit plane was in the ecliptic plane,
and the maximum occurred when the LDEF orbit plane was at the maximum inclination to the ecliptic

(see fig. 13).

VACUUM

Neglecting the contribution from LDEF-generated contamination, the molecular density adjacent to
individu;d LDEF surfaces at any given time was dependent on the LDEF orbital altitude, the solar

activity, and the orientation of the surface with respect to the LDEF velocity vector. The density
increased as the altitude decreased and as the solar activity increased. The density also built up

adjacent to leading surfaces as a result of ram effects, and it diminished adjacent to trailing surfaces as
a result of wake shielding effects.
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Beta Angle = (13)Angle between the plane of the orbit and the sun illumination vector.

Solar incident = (BTU/Hr-R2) Heat due to direct illumination from the sun.

AIbedo = (BTU/Hr-Ft2) Heat due to the portion of the solar incident energy reflected

from the planet into the LDEF.

Planetary = (BTU/Hr-Ft2) Heat due to energy emirled from the planet.

Fig.- 13.- Variation of the Sun's illumination vector with the plane of the LDEF orbit.

The ambient molecular density along the LDEF orbit was lowest early in the mission while the
LDEF orbital altitude was above 250 nautical miles and the solar activity was near minimum

(approximately 1.86 x 107 molecules per cubic centimeter). The predominent molecular species at that

time were atomic oxygen (approximately 1.56 x 107 molecules per cubic centimeter), and nitrogen

(second in abundance with a density several orders of magnitude lower than the atomic oxygen).

The ambient molecular density along the LDEF orbit was highest (approximately 6.58 x 108

molecules per cubic centimeter) late in the mission when the orbital altitude had decayed to
approximately 179 nautical miles and the solar activity had increased to near-record highs. The

predominant molecular species at that time was still atomic oxygen (5.42 x 108 molecules per cubic

centimeter) and nitrogen was still second in abundance (1.06 x 108 molecules per cubic centimeter).

The ram effects made the molecular density adjacent to surfaces on the leading side of the LDEF
approximately an order of magnitude higher than the ambient density. The wake shielding effects
reduced the molecular density adjacent to surfaces on the trailing side of the LDEF more than an order
of magnitude. The molecular densities presented above were calculated using the model described in
Smithsonian Astrophysical Observatory Special Report 375 (ref. 4).

GRAVITY/ACCELERATIONS

The LDEF experiments were exposed to very low accelerations during the mission since the facility
was passively stabilized and there were no systems on board to generate vibrations or shocks. The

acceleration level at the center of the LDEF remained less than 10-7 g's throughout the mission.
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CONCLUDING REMARKS

The LDEF flew in an orbit very similar to the orbits planned for many future near-Earth orbiting
spacecraft such as the Space Station Freedom and the Earth observation satellites. Therefore the
LDEF encountered the same environments as these future spacecraft will encounter, and the data

obtained from the LDEF experiments and hardware will be directly applicable to the design of these
spacecraft.

As stated in the introduction to this paper, the current uncertainties in a number of the near-Earth
environments are a concern in the development of these future spacecraft. With the knowledge gained
from analysis of the LDEF data, these current uncertainties can be appreciably reduced. When the
LDEF data on the environments of space and the effects of these environments on spacecraft are
completely analyzed and placed in accessible data bases, it will be obvious that the LDEF mission has
provided "Product Assurance " for many of the future space missions.
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SUMMARY

Images produced by pinhole cameras using film sensitive to

atomic oxygen provide information on the ratio of spacecraft

orbital velocity to the most probable thermal speed of oxygen

atoms, provided the spacecraft orientation is maintained stable

relative to the orbital direction. Alternatively, as described

here, information on the spacecraft attitude relative to the

orbital velocity can be obtained, provided that corrections are

properly made for thermal spreading and a co-rotating atmosphere.

The LDEF orientation, uncorrected for a co-rotating atmosphere,

was determined to be yawed 8.0 ° + 0.4 ° from its nominal attitude,

with an estimated + 0.35 ° oscillation in yaw. The integrated

effect of inclined orbit and co-rotating atmosphere produces an

apparent oscillation in the observed yaw direction, suggesting
that the LDEF attitude measurement will indicate even better

stability when corrected for a co-rotating atmosphere. The

measured thermal spreading is consistent with major exposure

occurring during high solar activity, which occurred late during

the LDEF mission.

INTRODUCTION

A requirement to study the LDEF attitude was identified and

a pinhole camera was developed for this purpose as part of

Experiment A0114 (refs. 1-3) . The atomic oxygen sensitive

pinhole camera uses the fact that oxygen atoms dominate the

atmosphere in low-Earth orbits, and formation of a nearly

*Work supported in part by a grant from UAH Research Institute

and NASA grant NAGW-812 and contract NAS8-36645.
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collimated beam of oxygen atoms passing through a pinhole in a
satellite front surface occurs as a result of the orbital
velocity being greater than the most probable Maxwell-Boltzmann
speed of the oxygen atoms. Thus, the range of incidence angles
of atoms to satellite surfaces is very limited, as shown by the
angular distribution curves for two different temperatures in
fig. 1 and described in greater detail elsewhere (ref. 4). The
same maximum oxygen atom intensity was used for both temperatures
to illustrate how the intensity spreads into the wings for higher
temperatures. A thin film of material (silver in this case),
which is sensitive to atomic oxygen, then forms an image of the
impact spot.

The temperature of the thermosphere depends upon solar
activity; the 700 K temperature in fig. 1 is characteristic of a
solar minimum and the 1500 K is closer to a solar maximum. LDEF
altitude was high during the solar minimum of September 1986
(initially deployed at 480 km in April 1984) where oxygen density
was lower and had decayed by the time solar maximum was reached
in June 1989 (recovery occurred at 310 km in January 1990). Most
of the exposure in the pinhole camera occurred close to solar
maximum. When the altitude was lower, the oxygen density was
greater, and the angular distribution for atom incidence was
widest. As will be described later, a well-defined spot was
measured on the pinhole camera's silver sensor surface. Although
overall darkening from overexposure (scattered atoms within the
camera) was observed, this spot has been interpreted as being
from the direct incidence beam and was used to determine the
orientation of the LDEF relative to the orbital velocity.

MEASUREMENTS

The pinhole camera consisted of a 0.3 mm thick stainless steel
hemisphere 3.25 cm (1.28 in.) radius, polished on the concave
surface and coated with vacuum-evaporated silver. Silver was
used because it discolors from formation of oxide (ref. 5). The
pinhole had a conical shape with an included angle much wider
than the maximum atom incidence angle and terminated as knife
edges at a pinhole diameter of 0.5 mm (0.020 in.). The pinhole
was positioned at the center of the silvered hemisphere. As
shown in fig. 2, the exposure at any point on the hemisphere will
depend upon the solid angle subtended by the pinhole from that
point and the point's angular displacement from the orbital
direction, i.e., the atom fluence as a function of angle from the
velocity vector as shown in fig. i. For orientations within I0 °
of the orbital direction, the solid angle subtended by the
pinhole is constant within 2%; the predominant effects of pinhole
size and thus solid angle are to reduce the overall fluence, or
exposure, and increase resolution by reducing pinhole size.
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Thus, the spot produced behind the pinhole should be centered
with the LDEF's velocity vector and the spot's intensity should
correspond to the distribution shown in fig. i. Any variation in
the attitude of the LDEF's velocity vector relative to the
atmosphere would cause the spot to wander, producing a
nonspherical, larger than normal, spot compared to that produced
by thermal spreading of the beam.

Two techniques were used to determine the spot center and
its shape: the first technique involved measurements taken
directly from an enlarged photograph of the hemisphere taken on-
axis with a 120 mm format camera and a 80 mm macro lens, and the
second technique involved digitizing a 512 x 512 pixel CCD video
camera image of the hemisphere and processing it to obtain both
the spot and hemisphere centers and the spot geometry. Both
techniques gave similar results.

DISCUSSION

Assuming that misalignment of the pinhole camera relative to
the LDEF frame was negligible (machined surfaces and robust
structures offer assurance of this), an LDEF orbiting with
nominal attitude should have produced a spot centered on the

hemisphere and uniformly round. The actual spot, as shown in

fig. 3, was off-center, as would be produced by 8° + 0.4 ° clock-

wise yaw viewed from the space end. The spot was elliptical

(major axis 14 8 ° and minor axis 14 1 °• . , as subtended from the

pinhole), with the major axis in the satellite yaw direction• It

is noted that a yaw of 8° should have narrowed the spot in the

yaw direction, not widened it as observed; thus, an oscillation

in atom incidence along the yaw direction is the likely cause.

This originally led us to conclude that the LDEF oscillated in

the yaw direction (i.e., about its long axis), but it has been

brought to our attention (Bourrassa, private communication, 1990)

that a co-rotating Earth's atmosphere interacting with an in-

clined orbit produces an oscillation in the angle of incidence of

oxygen atoms at the surface. We have verified that the oscilla-

tion occurs in the yaw direction, as observed, but the maximum

range should be about + 1.5 ° , not the estimated + 0.35 ° obtained

from the ellipticity measured on the spot. While the center of

the spot is rather well defined and is believed to be the average

orientation for the LDEF, oscillations, thermal spreading, and

other influences on exposure, such as multiple scattering must be

separated. Some considerations are

I. The exposure of the silver was an integrated effect

which occurred over 5 3/4 years, over a wide range in oxygen atom

temperature, and with an excess background from

multiply-scattered atoms. However, most of the oxygen exposure

was received during the last six months of the flight.
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2. We have not been able to depth profile the exposed

silver film, particularly across the spot. Although a nearly

circularbull'seyepattern suggests a profile similar to those in

fig. I, we have not yet devised a satisfactory technique for

measuring optically opaque profiles.

3. Without a depth-composition profile it is not possible

to fit the oxygen exposure to a known temperature distribution

and there is some uncertainty as to the exact limits of the spot

diameter (i.e., where the spot ends and the background takes

over); however, it appears that rings on the spot represent equal

thicknesses of oxide and provide the measured ellipticity. The

minor axis of the spot could represent temperatures as high as

1500 K if assigned FWHM in fig. i.

4. An oscillating structure and the apparent oscillation

caused by an inclined orbit and rotating atmosphere do not yield

the same angular flux distribution in a pinhole camera. An

oscillating structure sweeps rapidly through the zero displace-

ment and pauses at the extreme angular displacement; The opposite

is true for the rotating atmosphere effect. Thus, a mechanical

oscillation has a larger integral effect on spot diameter for the

same number of degrees of oscillation. We are calculating these

profiles with atmospheric oscillations included. Further study

is needed to accurately determine the LDEF's range of oscilla-

tion.

Analysis by x-ray diffraction of the black powder flaking

from much of the camera interior confirmed that it was Ag20. For
reasons yet unknown, the primary exposed spot was more stable

than the rest of the background exposed surface; this assisted

our investigation.
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CAP-THETA

Fig. I. Intensity of oxygen atoms versus incidence angle,

cap-theta, in degrees from the orbital ram direction for two

equilibrium temperatures of the atoms.
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Fig. 2. Schematic of pinhole camera with off-centered spot due

to yaw of the LDEF and showing thermal spreading about the spot

center due to the effect shown in Fig. i.
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SPACE

Fig. 3. Photograph of exposed silver hemisphere from pinhole

camera; overall dark flaking area is interpreted as overexposure
from multi-scattered atoms, and the spot, which is more stable,
is believed to be from direct incidence.
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SUMMARY

The Long Duration Exposure Facility (LDEF) post-flight thermal model predicted
temperatures have been matched to flight temperature data recorded by the Thermal
Measurement System (THERM), LDEF experiment P0003. Flight temperatures, recorded at
intervals of approximately 112 minutes for the first 390 days of LDEF's 2105 day mission were
compared with predictions using the thermal mathematical model (TMM). This model was
unverified prior to flight. The post-flight analysis has reduced the thermal model uncertainty at
the temperature sensor locations from +_40°F to +_18°F. The improved temperature predictions
will be used by the LDEF's principal investigators to calculate improved flight temperatures
experienced by 57 experiments located on 86 trays of the facility.

INTRODUCTION

The LDEF THERM experiment was developed to reduce the large uncertainties of +40°F on

predicted boundary temperatures calculated with the pre-flight LDEF thermal mathematical
model (TMM). The high uncertainties of the model arise from the large number of complex
flight hardware elements being represented by a reduced node TMM and the large number of
bolted and clamped joints with uncertain thermal conductance. Due to the LDEF's large size and

the logistical problems associated with experiment tray integration, it was impractical to perform
a pre-flight thermal test to verify the TMM. A verified LDEF TMM with reduced calculated
temperature uncertainties was needed to provide a set of boundary temperatures for the
calculation of detailed temperatures of experiments located on the external surfaces of the
LDEF. The THERM experiment provided an economical way for performing a post-flight
verification of the TMM by recording a limited number of flight temperatures on selected
locations of the LDEF structure.
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The LDEF was deployed on April 7, 1984 into a gravity gradient stabilized posture at a 281A°
orbit inclination with near zero rates along the pitch, roll and yaw axes. During the first 390
days of the LDEF mission, the THERM temperature data were recorded on the experiment
power and data system (EPDS) recorder which was shared with the Low Temperature Heat Pipe
Experiment (exp. S1001). After an LDEF mission of approximately 5¾ years (2105 days), the
crew of the orbiter Columbia (STS 32) retrieved the facility from free flight on January 12, 1990
and returned the LDEF to Earth. LDEF altitude at deployment was 255 nm and it had fallen to
180 nm at the time of retrieval. Post-flight analysis indicated the LDEF was yawed 8 ° to 12 °
from row 9 towards row 8 throughout the mission, thus biasing the velocity vector towards row
10 (figure 1). Orbital beta angle (figure 2) range for the LDEF mission was +52 °. For the post-
flight calculation of temperatures, a new set of orbital detailed heat fluxes were calculated for
the beta angle range of +52 ° for an average LDEF yaw angle of 10 °. A composite daily
averaged heat flux table for the first 390 days of the LDEF mission was generated with the new
set of orbit detailed heat fluxes and the daily beta angle history. This new set of daily averaged
thermal fluxes were used for calculation of daily averaged temperatures which allowed a direct
comparison to the recorded THERM flight data.

The external surface thermal properties, absorptivity (or) and emissivity (E), were measured
during the disassembly operations of the LDEF at the Kennedy Space Center (KSC).
Measurements were made on exposed and unexposed external structural surfaces, earth and

space end thermal panels, tray lips, and a limited number of experiments. The measured ct/E
values combined with nominal material specifications were used to formulate the LDEF surface
property conditions that existed at the beginning of the mission and the end of the first year (390
days). The preflight TMM was modified by incorporating better estimates of bolted joint
conductances, thermal radiation couplings omitted from the original pre-flight model, and better
estimates of external surfaces et/e degradation. The modified TMM was then used to obtain
improved calculated flight temperatures for the LDEF spacecraft.

LDEF DESCRIPTION

The LDEF was developed jointly by the Office of Aeronautics And Space Technology
(OAST) and Langley Research Center (LaRC) to provide a shuttle launched low cost
accommodation for relatively simple experiments. These experiments would require long
duration exposure to the space environment (approximately one year). Many experiments were
completely passive, depending entirely on post-flight laboratory investigations for the results.

The LDEF is a reusable 12-sided bolted and welded cylindrical structure 14 ft. in diameter

and 30 ft. in length (figure 3). Extrusions of 6061-T6 aluminum alloy are the main components
for the LDEF structure (intercostals and longerons). The 12-sided cylinder forms a closed cavity
when all 72 periphery and 14 end trays are mounted on the exterior of the spacecraft. Each tray
can accommodate from one to several different self-contained experiments. The flight
configuration for this mission (ref. 1) included 86 trays with a total of 57 experiments for a total
weight of over 21,000 pounds.
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LDEF THERMAL CHARACTERISTICS

Thermal Design

The thermal control of the LDEF is totally passive, and is accomplished by radiation
coupling the inside of the facility, which consists of a hollow polygonal cylinder with closed
ends. LDEF's passive thermal control design (ref. 2) maximized the internal radiation coupling
between the spacecraft components by using high e values on the internal surfaces. All interior
surfaces are coated with Chemglaze Z-306 flat black paint which has an e of 0.90. This
unexposed coating did not seem to suffer any appreciable deterioration during the 6 year LDEF
mission. Internal radiation blockage was decreased by minimizing the number of structural
components inside the spacecraft. The cylindrical cavity was closed at all tray locations and at
both ends to prevent solar flux from entering the interior. Venting holes were distributed
uniformly around the facility. This venting area was approximately 0.15% of total external
surface area. The thermal model accounted for the venting holes by coupling an interior dummy
node to the space environment.

The bolted construction of the LDEF was a source of uncertainty in the heat conduction
across the structural joints. The experiment trays were attached to the LDEF structure by eight
2"x 5" aluminum clamps along the tray perimeter. The tray mounting scheme minimized the
contact area through which heat could be transferred between the facility structure and the
experiment trays.

All experiments were mounted flush with the outside tray surface, simplifying the thermal
modeling of the LDEF. Most tray models were reduced to two nodes (ref. 2) for input into the
LDEF TMM. For better heat distribution and reduced temperature difference throughout the
spacecraft, more than 50% of the experiment trays were coupled by radiation and conduction
between the tray internal and external surfaces. The different panel type trays were uniformly
distributed over the surface of the LDEF. Over 50% of the thermal control surface area was

provided by the various chromic anodized coatings (figure 4) on the facility's aluminum
structure, trays, and debris panels (Space Debris Experiment S0001, 24 trays). The external
surface absorptivity to emissivity ratio (a/e) for each of the tray lips and debris panels varied
according to the LDEF thermal design requirements (ref. 3).

LDEF Thermal Model

The programs used for the calculation of the LDEF incident heat fluxes and temperatures
were the Thermal Radiation Analysis System II (TRASYS II, ref. 4) and the Systems Improved
Numerical Differencing Analyzer (SINDA, ref. 5). The SINDA program was used for the
calculation of temperatures. SINDA is a system of computer codes used to solve lumped
parameter representations of physical problems governed by diffusion type equations.
Parameters include thermal mass, surface properties and thermal conductance. Hand calculated
thermal conduction couplings were entered as well as thermal radiation couplings between all
surfaces. Most of the internal radiation couplings were computer generated and their number
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reduced to a manageable size by lumping very small values into a radiation coupling to an
internal dummy node. Other detailed radiation couplings between isolated surfaces were
generated by hand. LDEF orbital parameters obtained from ground tracking stations were used
as input to TRASYS 11 to calculate the incident thermal solar and infrared heat fluxes. The
calculated thermal fluxes were then integrated into the LDEF TMM in order to perform a
post-flight temperature analysis.

The original thermal model (ref. 6) was created prior to the LDEF deployment and was
restricted by program and computer capabilities to less than 300 nodes. The post-flight TMM
size increased to 327 nodes to improve the model's accuracy and facilitate the comparison of
selected nodes to the THERM experiment sensor temperatures.

Most experiment trays were described by two nodes (internal and external) with the internal
node representing the tray. The external surface of the internal tray node is in the shape _f a
picture frame. This node was considered isothermal and the experiment was mounted inside it.
The more complicated experiments were described by three and four node models. The
experiment models were representations of more detailed models that could have as many as 80
nodes before reduction. The reduced node tray/experiment (T/E) models had equivalent energy

balance and surface properties to the original T/E detailed models. The temperature values
calculated for the T/E nodes represented an average for that tray location. For more detailed
values, the T/E detailed thermal model for that location would have to be updated with the
boundary temperatures from the LDEF TMM and the component temperatures recalculated
using the experiment's detailed thermal model.

The original LDEF TMM was only capable of calculating day/night temperatures for one
orbit. /ks part of the THERM effort a TMM was generated that calculated the daily averaged
temperatures of the LDEF. The new model tracked the orbital beta angle (figure 5) instead of
the hourly l:x)sition of the LDEF within the Earth's orbit. This facilitated the direct comparison
to the temperatures measured by the THERM system.

Thermal Measurements System (THERM)

The TI-IERM system consisted of five copper-constantan thermocouples (T/C), one
suspended radiometer, two thermistor reference measurements, an electronic scanning
system, one 7.5-V battery, and an interface harness with the low temperature heat pipe
experiment package (HEPP) experiment. The THERM data was recorded on dedicated
channels of the shared EPDS tape recorder in the HEPP experiment (ref. 7).

The THERM hardware was located at selected areas of the LDEF interior in order to
maximize the thermal environment characterization with a limited number of measurements

(figure 6). Two thermistors measured the THERM electronic junction temperatures and
were used for system calibration (thermistors #2 and #8). A measurement of the LDEF
interior temperature average was made by suspending a radiometer with a T/C at the center
of the LDEF interior (T/C #4). The radiometer was coupled radiatively to all of the interior
surfaces providing in effect an average of all interior surfaces. T/C #1 was located on the
center structure in order to provide a backup temperature value to the radiometer. The center
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structure is a massive aluminum part that carries the main load of the spacecraft during the
deployment and retrieval operations and is coupled radiatively to most of the internal
surfaces. T/C #3 was located on top of the magnetic viscous damper thermal radiation
shield. This T/C was thermally insulated from the dome and was used to measure the
thermal environment around the viscous damper. The temperature measurements taken at
this location showed the largest difference from the calculated values. Due to the mounting
techniques and the shape of the data response to heat flux changes this measurement is
suspect and is the subject of further investigation. The structural temperatures were
characterized by the remaining three T/C's. T/C #5 was mounted on a structural member
located on row six of the facility. This area was parallel to the orbit plane and experienced
incident thermal flux environments that varied widely, depending on the orbital beta angle
(13). For 13's from 0 ° to +52 ° this side of the facility did not see direct solar incident thermal
flux (aibedo only), while for negative 15's, the solar incident occurs for the full day period
with orbit 13= -52 ° being the maximum solar exposure for this row. This T/C also provided a
good indication of LDEF's in-flight attitude. T/C #6 was located on the space end structure
near row 12 to provide space end mounted experiments with representative boundary
temperatures. The space end location had the maximum radiative coupling to space and no
incident planetary or albedo thermal fluxes. The last temperature measurement, T/C #7, was
located on the earth end structure near row six in order to measure the night/day (N/D)
temperature cycling on that end with maximum radiative coupling to the planet. Total
overall system accuracy was designed to be within +_.10°F for all measurements over the
range from -30°F to +170°F. The actual recorded temperature range for all seven locations
was from a low of 39°F to the maximum of 134°F at the row six location.

DISCUSSION

The THERM data was designed to take a sweep of the thermal sensors with the same
sampling rates as the HEPP (S1001) experiment. The fast data rate was designed to record data
every five minutes when the low temperature heat pipes achieved cryogenic temperatures, thus
providing a detailed orbit temperature profile for direct comparison to the TMM results. The
low data rate cycle was designed to record data every 112 minutes and was not dependent on any
event to be activated. The HEPP experiment did not reach a low enough temperature to activate
the high data rate cycle, recording only at the low data rate and leaving no detailed orbit

temperature for comparison to the LDEF thermal model. At the deployment altitude (255 rim),
the LDEF orbits the Earth 15.3 times a day, or once every 94 minutes. The period of the
recorded data rate for this orbit is approximately equal to six orbits (figure 7). A direct
comparison between the measured data and the calculated values was achieved by using the
daily averages of the measured temperatures and by modifying the TMM to calculate daily
average temperatures as discussed earlier.

After comparing the pre-flight TMM temperatures to the THERM data the areas for
improvement became apparent. The modeling of the Earth and space end thermal control panels
was improved. The sides of the panels located on the LDEF periphery were not included in the
original TMM in order to reduce the number of nodes. In addition, the conduction values across
joints were reviewed in order to better account for contact resistance. The resistance to heat
transfer across a bolted joint is highly variable and depends on many factors. Empirical values

are most commonly used to account for joint conductances. Approximate contact resistance
values were calculated by assuming 25% of the actual joint surface contact area. The net effect
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from this change was to increase the heat flow across some of the joints, while reducing the heat
flow across others depending upon the complexity of the joint in question.

The thermo-optical properties of the external surfaces were measured during the LDEF
disassembly at KSC and used to modify the TMM (ref. 8). From the coatings assessment it was
evident that the coatings on the LDEF had been affected by contamination. Unlike coating
degradation, contamination does not have a typical rate of action. The THERM data provided
the best estimate for the rate at which contamination affected the external surfaces optical
properties. Most of the contamination effects occurred during the first year of flight. The
temperature increases could not be accounted for by the orbit _ seasonal changes and the
materials surfaces typical ot/e rate of change alone. The effects from contamination were added
to the estimated ct/e changes due to material degradation from space exposure. The degraded
ct/e values used for the surface coatings were those measured during the LDEF disassembly. As
the bulk of the outgassing contamination occurred during the beginning of the LDEF mission, it
was assumed that the leading edge coatings had the same contamination effects as the trailing

edge (Row 3). This assessment is consistent with results from the experiment S0010 (ref. 9).
The experiment S0010 included an Experiment Exposure Control Canister (EECC), located on

the leading edge of the LDEF. The EECC opened while in orbit at the beginning of the mission
and closed prior to the first year of the LDEF flight (as programmed). The opening of the EECC
by the principal investigator showed the coatings inside the canister to have contamination
similar to that of the trailing edge of the facility, although the post-flight leading edge exposed
surfaces' ct/_ showed less effects from contamination than those on the trailing edge. The ct/e
difference between the leading and trailing edge can be attributed to the cleaning effect
occurring on the leading edge surfaces exposed to atomic oxygen impinging flux (AO). The
amount of AO rises sharply at lower orbit altitudes and also with increased solar activity such as
experienced by the LDEF during the last six months of the mission.

RESULTS

A comparison between the THERM measured temperatures and the TMM calculated values
is shown on figures 8 to 14. These curves show the comparison between the calculated and the
measured temperature values for all temperature measurement locations. The flight data shown

in each plot are the daily average temperatures for that location. Data scans were taken 12 - 13
times a day and the data for each day were averaged into one temperature for that day thus
allowing a direct comparison to be made against the thermal model temperature calculations.

A direct comparison of calculated versus measured values was done for each sensor location.
The locations with the smallest model error were at the center ring, reference thermistor, and the
space end which all had a standard deviation (30") of +_9 °F. The earth end and the row six

longeron had the next lowest deviation of +_12 °F. The radiometer had the second largest 3O
T/C error of+_15 °F. A maximum uncertainty between the calculated and measured values of
+18°F was obtained at the damper dome location but as stated this T/C is suspect. The curves
also show the maximum calculated temperature uncertainties occurred toward the end of the

thermal analysis. The LDEF TMM assumed fully degraded ot/e values by the end of the 390
days of the THERM data period. It is likely that the fully degraded surface property values were
achieved after the THERM operation, thus the diversion between the calculated and measured
temperatures as seen at the end of the data period on all data figures. As the contamination

effects on thermal control surfaces properties were highly variable during the course of the first
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part of the LDEF mission, it was difficult to extrapolate the degradation curve for the affected
coatings. A longer operation of the THERM system into the second year of the LDEF mission

would have enabled an improved characterization of the contamination effects and a better
agreement between the calculated and measured temperatures towards the end of the data period.
The 30 uncertainties (Table 1) are no greater than _.+18°F for any of the THERM temperature
sensor locations, thus achieving the desired reduction of calculated temperature uncertainties to
under _+20°F. Given in Table 2 are the temperature range comparisons between the design
limits, measured temperatures, and the post-flight calculated temperatures for the T/C locations.

CONCLUSION

The post-flight calculation of the LDEF flight temperatures have been achieved with an
uncertainty of under _+20°F even with the use of fully degraded surface values at the end of the
temperature data period. The LDEF facility design temperatures were maintained throughout
the mission. The thermal control contamination made the extrapolation of the surface coatings
degradation into the second year very difficult due to the lack of temperature data. The
calculated temperatures would show a better agreement if the THERM data had been available
for the full period of the surface degradation driven by contamination. The TMM assumed fully
degraded thermal coatings thermo-opticai properties towards the end of the data period.

The reduction of calculated space exposure temperature uncertainties with post-flight data
proved to be feasible for spacecraft of the LDEF type. The use of this method for reducing
uncertainties of calculated values was necessary due to the lack of pre-flight model verification.
Second and following flights of this multi-flight spacecraft would benefit even more from this

approach by using results from the previous mission for better pre-flight temperature predictions.
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TABLE 1 CALCULATED THERMAL MODEL UNCERTAINTY

MEASUREMENT

LOCATION

THERMISTOR

RADIOMETER

CENTER RING

ROW 6 LONGERON

EARTH END STRUCTURE

SPACE END STRUCTURE

DAMPER DOME

UNCERTAINTY

( + °F)

1G

UNCERTAINTY

( + OF)

3_

9

15

9

12

12

9

18

TABLE 2 COMPARISON OF LDEF TEMPERATURE RANGES

LDEF TEMPERATURE MEASURED POST FLIGHT
LOCATION DESIGN LIMITS (THERM) CALCULATED

oF oF oF

INTERIOR AVERAGE 10 - 120 52 - 89 58 - 89

STRUCTURE

NORTH/SOUTH (ROWS 6/12)

STRUCTURE

EAST/WEST (ROWS 3/9)

STRUCTURE
EARTH END

STRUCTURE
SPACE END

-I0- 150

-10- 150

10-135

10- 135

35- 134

N/A

56- 103

60 - 90

39- 136

53-100

57 - 104

64 - 96
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Figure 1. LDEF in Free Flight.

BETA ANGLE= (_) Angle betv.,een the plane of the orbit and the sun illumin:ltit n xtn.'tor
SOI._R INCIDENT= (BTU/I'Ir-Ft') Heat due to direct illumination from the sun.
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reflected from the planet inlo the LDEF.
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Figure 2. LDEF Beta Angle Definition.
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Figure 3. LDEF Structure.
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Figure 4. LDEF External Surface Coating Distribution.
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N92-23285
MEASURED SPACE ENVIRONMENTAL EFFECTS TO LDEF DURING RETRIEVAL

Carl R. Maau

Science Applications International Corporation - Glendora, CA 91740 USA

W. Kelly Linder
United States Air Force, NASA Johnson Space Center - Houston, TX 77058 USA

SUMMARY

On the STS-32 shuttle mission, a space flight experiment provided an understanding of the effects
of the space environment on the Long Duration Exposure Facility (LDEF) from rendezvous with the
shuttle until removal from the payload bay at the Orbiter Processing Facility (OPF) at NASA/KSC. The
Interim Operational Contamination Monitor (IOCM) is an attached shuttle payload that has been used on
two (2) earlier flights (STS 51C and STS 28) to quantify the contamination deposited during the course of
the missions.

The IOCM can characterize by direct measurement the deposition of molecular and particulate
contamination during any phase of flight. In addition to these principal measurements, the IOCM actively
measures the thermophysical properties of thermal control surfaces by calorimetry, the flux of the ambient
atomic oxygen environment, the incident solar flux, and the absolute ambient pressure in the payload bay.
The IOCM also provides a structure and sample holders for the exposure of passive material samples to the
space environment, e.g., thermal cycling, atomic oxygen, and micrometeoroids and/or orbital debris, etc.

One of the more salient results from the STS-32 flight suggests that the LDEF emitted a large
number of particulates after berthing into the shuttle. The mission atomic oxygen fluence was also
calculated. Although the fluence was low by normal standards, the Kapton TM passive samples exhibited
the onset of erosion. Orbital debris and micrometeoroid impacts also occurred during the retrieval
mission. The average perforation diameter was -12.5 lain. The largest perforation diameter was measured
at 65 grn.

INTRODUCTION

In the recent years of unmanned spaceflight, contamination has become a recognized source of
spacecraft anomalies and failures. This realization was due in part to experience and failure analysis, and
in part to the development of more sophisticated subsystems and instruments, which were more sensitive
to the effects of contaminants.

Contamination may be classified approximately as molecular or particulate. In this classification,
free molecular contaminants are in the gas phase, and free particulates are solids or liquid droplets. In their
free forms, contaminants in the field-of-view of subsystems and instruments cause the attenuation
scattering of electromagnetic radiation. Particulates reflect sunlight and may confuse star trackers by
appearing as false stars. More importantly, the contaminants may deposit on sensitive surfaces. In the

de.posited form, solid discrete particulates can partially obscure optical surfaces and cause flare and off-
axis scattering. Liquid droplets and gases deposit in layers on surfaces, especially cold ones. Both types
of contamination may then change the optical, electrical, and thermal properties of the surface material.
The latter effect on thermal control surfaces may be the best known spacecraft anomaly. Historical
interpretations range from operating temperature increases due to the gradual degradation of thermal
control surfaces, to the loss of a spacecraft from a propellant line or valve rupture caused by the deposition
of Solid Rocket Motor (SRM) plume effluents.
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Scientific instruments and optical sensors are typically more sensitive to contamination than
spacecraft subsystems. Thus, the space science community raised the issue of contamination early in the
development of the Space Transportation System. For an unmanned spacecraft or satellite, the Shuttle
presents several unique contamination issues. Leakage, venting and dumping from a manned system
represent contaminant species not usually encountered. The Orbiter cargo bay provides for the launch
systems unprotected by an aerodynamic shroud, which traditionally provided a contamination barrier to the
launch vehicle. The Orbiter also functions as a large, complex space platform for instruments. Finally,
the shared cargo bay creates a new concern, inter-payload contamination.

The space experimenters, in a NASA advisory group, considered these issues and determined that
the most stringent Shuttle-specific requirements were needed in the area of instrumental background
presented by the Orbiter. Their recommendations for upper limits on molecular species column densities
and particle sighting rates were based on the sensitivity of their instruments. This effort led to an attempt
to design a clean Orbiter cargo bay. The greatest success has been the selection of materials which
produce little molecular contamination (low outgassing).

As a result of this interest, the United States Air Force/Space Systems Division (OL-AW)
sponsored the development of the Interim Operational Contamination Monitor (IOCM). The IOCM's
purpose was to provide verification measurements of Orbiter contamination for specific payloads. The
IOCM is an automatically operating system for the measurement of particulate and molecular contamination
that may be present in the shuttle cargo bay during the period from before launch until after landing. The
IOCM has successfully flown on two earlier flights: STS 51-C and STS-28. Excellent data has been
obtained on gaseous and particulate contaminants and their effects on materials. The IOCM has
demonstrated that Orbiters with mostly empty bays and proper ground processing can meet the NASA
goals, but with significant variability. In its latest flight during the LDEF retrieval, the IOCM showed its
capability to provide quality data from pre-launch to payload removal.

SYSTEM CAPABILITY

The IOCM can characterize by direct measurement the deposition of molecular and particulate
contamination during any phase of flight, i.e., pre-launch, ascent, on-orbit operations, descent and ferry
flight of the shuttle. Measurements can be, and usually are, made continually during these periods. The
molecular contamination is further classified in terms of the temperature of the surface (a pre-programmed
function) on which it is deposited and from which it is re-emitted. Two types of particulate collection
sensors are employed in order to avoid efficiency of collection uncertainties. One of these sensors is also
capable of studying the temperature effect on the efficiency of collection.

The IOCM is of a modular design capable of molecular and particulate contamination
measurements at multiple physical locations in the shuttle cargo bay. The modules provide for
measurements on the various Cartesian axes of the Orbiter by the use of multiple identical sensors. In
addition to these principal measurements, the IOCM actively measures the optical property changes of
thermal control surfaces by calorimetry, the flux of the ambient atomic oxygen environment, the incident
solar flux, and the absolute ambient pressure in the payload bay. The IOCM also provides a structure and
sample holders for the exposure of passive material samples to the space environment, e.g., thermal
cycling, atomic oxygen, and micrometeoroids and/or orbital debris, etc.

SYSTEM DESCRIPTION

The IOCM is an attached shuttle payload. In its baseline configuration, it is usually mounted on
three (3) Adaptive Payload Carriers (APC's) in the cargo bay. The mounting locations are determined for
each specific flight on which the IOCM is manifested. For STS-32, the IOCM was mounted on a Get-
Away Special (GAS) Adapter Beam and installed on the starboard side in Bay two (2). The system is self-
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containedexceptfor anOrbiterpowerinterface.Thesystemisdesignedfor nocrewinvolvementandfor
nocommandandcontrol support.

IOCMFunctionalDescription

TheIOCM providesfor thecontinuousmeasurementof collectedparticulateandmolecularmassat
preprogrammedcollectionsurfacetemperaturesduringthetimeperiodfrom power-up(prelaunch)until
power-down(post-landing).A ProgrammedReadOnlyMemory(PROM)providestheoperational
commandprofile for theIOCM duringall missionphases.

IOCM STS-32ElementalDescription

Thebaselinedesignof theIOCM consistsof six (6)equipmentmodulesmountedon three(3)
APC's. For STS-32,thesensorsfrom thesix (6)equipmentmoduleswererelocatedandcondensedinto
onecardersoastoprovidethemaximumamountof datato theLDEFprincipalinvestigatorsandto the
LDEF projectoffice. Figure1depictstheIOCM hardwaremountedin theshuttlebayduringtheSTS-32
flight. A descriptionof themoresalientsensorsis providedin thefollowing paragraphs.

TheIOCM, asflown onSTS-32,containednine(9)activelycontrolledcontaminationsensors:six
(6)Temperature-controlledQuartzCrystalMicrobalances(TQCMs),two (2)particlecaptm'e(PARCAP)
devices,andonethermalcoatingscalorimeter.Also includedweretwonudeionizationpressuregauges
for sensingandmeasuringambientpressure(10-3to 10-8ton'),threesolarflux gauges(light-intensity
sensors),andtemperaturesensorsfor internalhousekeeping.

TheTQCMsmeasurecontaminationbymeansof a frequency shift of a quartz crystal oscillator.
This occurs when the crystal mass increases as a result of contamination accretion. The device is

extremely sensitive, 1 Hz corresponding to 1.56 x 10 .9 g/cm 2. This sensitivity is achieved by using a

specially cut crystal which produces an extremely small temperature dependence and by using a reference
quartz crystal. The signal from the reference quartz crystal, when mixed with the signal from the sensing
crystal, gives a beat frequency totally independent of temperature and power supply fluctuations.

The TQCMs were manufactured by Faraday Laboratories, Inc., La Jolla, California. The sensor
consists of a matched pair of quartz crystals; each resonates at approximately 15 MHz. The crystals are
designated as sensor and reference crystal. The sensing crystal is displaced in frequency approximately
1 KHz below the reference crystal. The crystals are optically polished and plated with gold. The output of
a mixer circuit provides a frequency which increases when the sensing crystal is contaminated. In
addition, a two-stage thermoelectric device is located directly behind the crystals to allow for the cooling or
heating of the sensor quartz crystals. The thermoelectric device will control the temperature of the sensor
crystals between -50°C and +100°C to +I°C when its heat sink is maintained below +40°C.

The Thermal Coating Calorimeter is a refined version of the type developed by NASA/GSFC.
This device can measure discrete changes in the thermal radiative properties of the coatings applied to the
calorimeter. Similar units have successfully flown on numerous missions including the IOCM, NOAA-C
and NOVA contamination monitor projects. The thermal coating on the calorimeter was a second surface
type mirror SiO2/Ag). These mirrors are also known as Optical Solar Reflectors (OSRs). This surface
was designed to act as the primary contamination effects monitor.

Passive Sample Array

The Passive Sample Array (PSA) is a passive structure designed to expose selected material
samples to the Orbiter bay environment. Figure 2 shows an oblique view of the samples. This array
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containedsamplesto helpunderstandwhatadditionalenvironmentaldamage(if any)occurredto LDEF
duringtheretrievalmission.Table1 showstheparticipatingorganizations.

SIGNIFICANTACTIVE SENSORFLIGHT DATA

TQCM 1 was mounted in the IOCM facing toward the forward bulkhead (+ X direction). The
intent of this sensor was to observe molecular species from the forward bulkhead area.

Figure 3 shows an end-to-end plot of TQCM 1 during the on-orbit phase of the mission. The data
suggests exposure to a high flux of condensible material. It should be re-emphasized that the temperature
of the sensors was at 15 ° C until 12 hours into the mission. At this time, the temperature was reduced to
0°C. Data suggests that an event centered near 42.5 hours caused this mass deposition.

Examination of Table 2 suggests that the COAS maneuver (a manual IMU alignment) is the source
of this deposition. The maneuver rotates the Orbiter from the -ZLV attitude to the +XLV attitude over a
period of 38 minutes. This places the payload bay into the velocity vector while using the vernier
thrusters. This suggests that these species are returning to the shuttle payload bay. Figure 4 shows a less
course portion of the data. The data is centered about the event at 42.5 hours. Examination of the
temperature data shows that the programmed cleaning cycle occurs after the deposition. The deposition
could not be removed by a temperature of 80 ° C. Figure 4 also shows an increase in mass occurring at
about 29 hours. Table 2 also indicates an OMS bum occurring at this period of time. Maximum

deposition was 0.70 _g/cm 2 at approximately 42.5 hours into the flight. Some re-emission occurred
after the bakeout of the crystals. This strongly suggests that the deposited mass has a reasonably high
molecular weight.

TQCM 5 was mounted on the IOCM facing across bay (+Y,-X direction). The intent of this
sensor was to observe particulate and molecular species as incident flux during the mission. The sensor
looks aft at a 45 ° angle. Figure 5 shows an end-to-end plot of the mass accumulation after lift-off. As can
be seen, numerous events occurred during the course of the mission to affect the mass accumulation.

The onset of mass deposition can be seen at the 42.5 hour time period (COAS maneuver). Figure
5 shows the increase in mass deposition and the subsequent re-emission of material after cleaning of the

sensor crystals. The total mass deposition from this event was 0.78 l.tg/cm 2. After sensor burn-off, an

additional 0.47 _tg/cm 2 remained.

Figure 5 also shows the accumulation of material on this sensor from latchup through the end of
the on-orbit phase of the mission. The mass accumulation on the sensor is indicative of the mass loss

from the LDEF. The data suggests that the average mass loss rate is 2.38 x 10 "12 g/cm2-sec.

TQCM 6 is also mounted on the IOCM facing across bay (+Y,-X direction). The intent of this
sensor was also to observe molecular species as incident flux during the mission. The sensor is mounted
next to TQCM 5 and accordingly, looks aft at a 45 ° angle.

Figure 6 shows an end-to-end plot of the mass accumulation after lift-off. As can be seen,
numerous events occurred during the course of the mission to affect the mass accumulation on this sensor.
This sensor was also cleaned with a high temperature bakeout of the crystals.

As observed on other sensors, the onset of mass deposition can be seen at the 42.5 hour time

period (COAS maneuver). Figure 6 shows the increase in mass deposition and the subsequent re-
emission of material after cleaning of the sensor crystals. The total mass deposition from this event was

0.60 i_g/cm 2. After sensor burn-off a negligible (0.003 i_g/cm 2) amount remained.
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Figure6 alsoshowstheaccumulationsof materialon thissensorfrom latchupthroughtheendof
theon-orbitphaseof themission.Themassaccumulationon thesensoris, again,indicativeof themass
lossfrom theLDEF. Thedatasuggeststhattheaveragemasslossrateis 2.53x 10-12g/cm2-sec.The
datafrom TQCM 6 agreesquitewell with thatof TQCM 5.

Thethermalcoatingcalorimeteroperatedasdesignedandhasprovidedinsightin theeffectsof
contaminationfrom thebipropellantthrusters.Figure7 showsthemissiontemperatureprofile. Therange
of thesensoris between-50° C and+50° C. Thesensorinitially averaged-22.2° C. Thelowest
temperaturerecordedwas-50.0° C. Theabsolutetemperatureof thecalorimeterwasobviouslylowerthan
therecordedtemperature.Thelower temperaturesoccurredduringmaneuversto rendezvousandlatchup
LDEF. Oneinterestingobservationis theobviouschangein temperatureafterthe42.5hourtimeperiod,
i.e.,aftertheCOASmaneuver.Thetemperatureincreasedto andleveledat anaverageof -18.8° C,
subsequentlydroppingneartheendof themissionto anaverageof -19.1° C. Thisdatasuggeststhatthe
effectivesolarabsorptance(as)of theOSRincreasedfrom 0.100to 0.107in approximately80hours. It
shouldbenotedthatthecalorimeterequilibriumtemperaturewasapproximately20° C colderthanthe
TQCM settemperature,thusallowingmoremassto depositduringtheCOASmaneuver.Duringthecool
downof thecalorimeter,in thelatterportionof themission,anestimateof thehemisphericalemittance
(eth)wasmade.The valueagreeswithin 1%(absolute)of themeasuredvalue,i.e,0.76.

ACTIVE SENSORPOSTFLIGHTDATA

Oneof theIOCM goalswastoprovideanunderstandingof theenvironmentexperiencedpostflight
to theLDEF. In orderto providethis informationtheIOCMrequiredpowerat all facilitiesat whichthe
orbiterwouldbelocatedafterlanding. It is ourunderstandingthatthecombinationof positivepressure
within thePLB andtheopeningof theairlockhatchto placeadditionalinstrumentationcreateda
"snowstorm"of theparticulatesthatweresloughing/sheddingfrom LDEF. Thiseventcompromisedthe
postflightdata.

In general,theferry flight did notcontributeto theoverallcontaminationof theLDEF. Themost
deleteriousimpactoccurredwithin the last24hoursatJulianday030. This appearsto betheperiodwhen
thestrongbackwasplacedoverthePLB.

PASSIVEARRAYDATA

TheIOCM exposedtwenty-five(25)samplesto theenvironment.As canbeseenin Figure1,the
samplesweremountedfacingoutof thepayloadbay. Thediscsarenominallyone (1) inchdiameter
(4.1cm2exposedarea).Thediscsareheldin placeby compressionbetweenhighly baked-outNylon
washers.Three(3) non-standardsizesampleswereaccommodatedin thearray. Themajority of the
sampleswereselectedfrom alist generatedby arequestplacedto NASA centers,USAFlaboratories,
UniversitiesandEuropeanspaceR&D centers.

Figure8showsoneof themanyimpactfilms flown in thepassivearray. Thefilm isone(1)rail
blackKaptonTM. Figure 9 shows an impact site observed postflight. The perforation is ~1 IJ-m diameter.
One of the more interesting observations seen on this sample is the micron and sub-micron sized particles
and agglomerates on the surface. The analysis of the particles show the majority to be Aluminum. It is
obvious that the material deposited on the surface after the impacts occurred. Particles are evident both on
the edge and in the interior of the perforation. Figure 10 shows a perforation through a sample of two (2)
mil Kapton TM. Also evident is a sub-micron perforation along with micron and sub-micron sized particles
and agglomerates on the surface. Table 3 provides a catalog of observed perforations during the mission.
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Coatingsof inorganic silicon compounds (oxide, p-SiO 2 and amorphous hydrogenated silicon,

a:Si:H) over Kapton TM were exposed during the experiment by the Canadian Space Agency. As a
reference standard, an uncoated specimen of Kapton TM was also included. Analysis of the exposed
surface of the uncoated Kapton TM using the Scanning Electron Microscope (SEM) showed that the
threshold fluence after which Kapton TM erodes had just been exceeded. The uncoated Kapton TM surface
had begun to pit and erode in Figure 11, but had not yet developed the familiar rug-like pattern. From this
degree of erosion it is possible to estimate that the fluence of atomic oxygen seen by the specimens was

approximately 1019 atoms/cm 2. In contrast, surface analysis of the coated specimens of Kapton TM showed
no deleterious effects of the space environment exposure on either material coating.

Results of samples flown by NASA/LeRC indicate that low, but observable, atomic oxygen
interaction has occurred on the samples. Uncoated polyimide Kapton TM films have developed a very small
surface texture. At the sites of defects in protective coatings over polyimide such texture can also be
observed. Figure 12 shows these defects and the underlying "carpet-like" morphology typical of the onset
of AO erosion of Kapton TM. Table 4 provides a comparison of Kapton TM films exposed during the
mission.

CONCLUSIONS

Based on the data gathered by the IOCM 1, it is felt that the instrument performed extremely well

and met or exceeded its goals. The active and passive sensors, in concert with analytical chemistry
techniques, have provided a wealth of information on the effect of the environment to STS-32 and the
LDEF.

Two of the more salient observations made during the period of active sensor operation were the
fact that the IOCM observed what appears to be prelaunch contamination and that the "return flux"
phenomena first seen on the STS-30SS-1 Contamination Monitor Package was observed again. The data
also confirms the fact that the payload bay was in an extremely clean condition when launched. Return
flux from the Orbiter RCS system has been observed. The resultant deposition required a high
temperature bakeout to initiate removal of the accreted mass. The deposit increased the solar absorptance
of the calorimeter sample by 0.007.

In addition, the Orbiter did not appear to contribute to the gaseous environment as observed by the
active sensors. On the other hand, LDEF acted as a large source of contamination (mainly micron and

sub-micron sized particulates) to the shuttle. The source emission rate of LDEF averaged 2.5 x 10 -12

g/cm2-sec for a period of eighty hours following berthing, falling off to a rate of 4.1 x 10 -13 g/cm2-sec just
prior to re-entry. Postflight obscuration ratios on IOCM surfaces were measured at 2.4 percent. The
LDEF appears to have contaminated itself, principally after landing.

The mission atomic oxygen fluence was calculated to be 2 x 1019 atoms/cm 2. Although the fluence
is low by normal standards, the Kapton TM passive samples on the IOCM exhibited the onset of erosion.
Trailing edge trays of the LDEF should be examined for the onset of erosion. Orbital debris and

micrometeoroid impact plates suggest a flux of 6 x 102 impacts/m 2 occurred during the mission, with an
average perforation diameter of ~12.5 grn. The largest perforation diameter was measured at 65 _m.

Measurements of contamination during the postflight phases, i.e., ferry flight and de-integration
processing in the OPF, show negligible to very low particle transfer, respectively. Obscuration ratios
during ferry flight were calculated at 0.2 percent on horizontal surfaces. The largest mass deposition
occurred during activities in the OPF.

The reduction of the sensor data conf'u'med what was self-evident upon opening the payload bay
doors in the OPF. The LDEF was shedding significant amounts of ultrafine particulate material. This
material was identified as residue of aluminized Mylar thermal blankets.
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TABLE 1.

TABLES

PASSIVE ARRAY PARTICIPATING ORGANIZATIONS

ORBITAL DEBRIS IMPACTS
UNIVERSITY OF KENT (UK)

• Aerogel
• Aluminum Foil

INSTITUT d'ASTROPHYSIQUE SPATIALE (FR)
• Gold Foils
• Nickel Foils

BAYLOR UNIVERSITY (USA)
• Aluminum Films

SCIENCE APPLICATIONS INTERNATIONAL CORP. (USA)

• Polyimide Film

ATOMIC OXYGEN EROSION
NASA/LeRC (USA)

• Coated Polyimide Films
CANADIAN SPACE AGENCY

• Coated Polyimide Films
NASA/JPL (USA)

• Polyimide Films
• Teflon Films

UNIVERSITY OF ALABAMA @ HUNTSVILLE (USA)
• Carbon
• Fused Silica

DU PONT (USA)
• Coated Polyimide Films

SCIENCE APPLICATIONS INTERNATIONAL CORP. (USA)

• Polyimide Film

CONTAMINATION

NASA/JPL (USA)
• Germanium (IRE) Crystals

NASA/MSFC (USA)
• UV Mirrors
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TABLE 2. STS-32T/METABLE OFMAJOREVENTS

R1A1 SW30ENABLED

PLB DOOROPENING

SYNCOMIV DEPLOY

SYNCOMBURN/STAGING

NORMAL CORRECTIONBURN

FIRSTWATERDUMP

OMSBURN
LDEF LATCHUP

LDEF BERTHING

T minus43hours

T plus 1.6hours

T plus 24.7hours

T plus25.5-27.5hours

T plus 29.0hours

T plus 42.0hours

T plus42.5hours
T plus 74.7hours

T plus80.0hours

TABLE 3. CATALOGOFOBSERVEDPERFORATIONS_

TBR

1 384

5 320

10 256

20 64

40 32

65 32
, AveragePerforationDiameter:
• MaximumPerforationDiameter:

• Equalto or lessthan
• * Approximatenumberof impacts/m2

TABLE 4. COMPARISONOFKAPTON FILMS DURING STS-32 MISSION

ESTIMATED MISSION ESTIMATED TRAILING

INVESTIGATOR FLUENCE* EDGE FLUENCE

B. BANKS (NASA) NONE ~ 2.1017 atoms/cm 2

C. MAAG (SAIC) - 9.1018 - 2.1019 atoms/cm 2 NONE

D. Z/MCIK (CSA) N 2.1019 atoms/cm 2 NONE
*Best estimate from erosion
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FIGURE l 0. PERFORATION EVENTS IN IMPACT FILM
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N92-23286
PARTICLE TYPES AND SOURCES

ASSOCIATED WITH LDEF*

_E, R, CruI_her and W. W. Wascher
Boeing Defense and Space Group

Seattle, WA 98124-2499
Phone: 206/'773-7002, Fax: 206/773-1473

SUMMARY

The particulate contamination history of LDEF is evident through the particles, the surfaces on which
the particles are found, and the most probable sources for the types of particles found. The particles were
identified as residues from fabrication, residues from assembly, cross-contamination from integration or
launch, orbit generated debris, cross-contamination from reentry or ground operations up to Kennedy, and
contamination at Kennedy. It was easy to distinguish between the particles present during orbit and those
deposited during or following recovery by the shielding of the surface provided by particles present during
orbit. On the ram facing trays particles protected the surface from atomic oxygen erosion. On the trailing
trays particles shielded the surface from the deposition of outgassed materials. Once it had been

determined if the particle was present prior to orbit or introduced following orbit possible sources could be
sought. In this manner the raw material for a history of LDEF contamination was collected.

When LDEF entered orbit it carried a variety of contaminants from assembly operations and from the
shuttle bay itself. Residues from fabrication and assembly included abrasives, abrasion generated metal,
plastic, wood dust, spray paint, wear metals, and other debris. General fallout and handling debris such
as skin flakes, paper and clothing fiber, natural minerals, etc. were also included with the assembly
contaminants. Shuttle tile material and the bay liner Beta Cloth materials were used as indicators of cross-
contamination between the payload and the Shuttle Bay. Once LDEF entered orbit the contaminants on the
surface of LDEF began interacting with the environment. Most particles appear to have been associated
with an outgassing phase, probably water, that created a local 'high pressure' zone. These zones were
evident around the particle as an area where molecular films from other sources could not deposit. The
effect was to create an optical inhomogeneity much larger than the original particle's obscuration area.
Some particles were associated with a condensable outgassing material and generated a halo around
themselves. This also resulted in an optical effect larger than the particle's obscuration value. A third
mechanism in which a particle created an enlarged optical footprint was the actual movement of the particle

creating shadows in more than one area. This movement appears to have been the result of thermal effects
and of impacts near the particle.

New particulate contaminants were generated in orbit by impacts with micrometeorites or space debris.
These contaminants were predominantly LDEF materials shattered, ejected as molten metal, or ejected as a
gas phase that could then redeposit on LDEF. Many examples of such deposition were evident on LDEF.

The exposure to atomic oxygen in orbit eroded carbon based materials leaving 'ash' and jagged
remnants of what had been solid sheets of plastic. Plastic films with vapor deposited metal backing were
reduced to flakes of very thin metal foil. Paint films became a layer of free pigment particles protecting the
remaining paint film beneath them. These materials were reasonably stable in orbit but with the

*Work done under NAS I-18224, Task 12
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repressurization of the Shuttle Bay during reentry they became free moving particles contaminating the
interior of the Shuttle Bay and the surface of LDEF. Small fragments of the molecular films created in
orbit on the surface of LDEF were also blown free and became particulate contaminants in the Shuttle Bay.

During ground operations from the OPF through SAEF-2 additional particulate contaminants
accumulated on the surface of LDEF. This photoessay provides documentation of many of these particle
types and of the surface effects mentioned above. LDEF provided the first opportunity to quantify
contaminants over the entire surface of a satellite and to document the effects of contaminants on that
surface.

INTRODUCTION

This paper is a brief photoessay of the particulate contaminants found on the various surfaces of LDEF
with a description of their probable source and the methods used to establish that source. It includes
photographs taken directly from LDEF surfaces in SAEF-2 as well as those taken later in the laboratory.
Photographs of tapelift samples collected from the surface of LDEF, the shuttle bay, and from different
Kennedy facilities or fixtures associated with LDEF are also included.

Determining the source of a particle on a surface necessarily involves some knowledge of the history of
the sources to which the surface was exposed and the duration or conditions of that exposure. In the case
of LDEF there were a number of well documented events that had an effect on the exposure of the satellite
to surface contaminants (Ref. 1). Photographic evidence documenting those effects along with a
description of the criteria used to establish both the time of the arrival for particles at the surface of LDEF
and their probable source are included here.

DETERMINING PARTICLE ARRIVAL TIME

One of the early concerns regarding the interpretation of the contamination history of LDEF was the
ability to distinguish new contaminants from those that were present on the surface during orbital
exposure. The first microscopic examination of the Teflon blanket material revealed a remarkably well
recorded chronology of events in the tracks of deposited molecular films. The surface of the Silver/Tefion
blanket from the first tray removed, the seeds experiment tray F-02, was examined the day of its removal
using the Nomarski microscope station adjacent to the LDEF satellite in the SAEF-2 clean room. The
pattern of shadows characteristic of particles on the surface during the orbital exposure and the non-
shadowed "new" particles were documented that same day (see Photograph 1). The patterns seen on the
surface beneath the particles tended to indicate the time at which the particle had arrived at the surface.
Particles with no "shadow" had clearly arrived after the "shadowing" event. On tray F-02 this was the
deposition of molecular contaminants and the ultraviolet modification of the Teflon surface. Absence of
both shadow effects indicated that these particles arrived at their current location during recovery or
subsequent activities. Particles with shadows could be placed in two groups; those with shadows of their
projected area and those with shadows much larger than their projected area. Cellulose particles tended to
have shadows much larger than their fiber diameter. Cellulose also has the tendency to retain large
amounts of water absorbed into its structure. With elevated temperature or vacuum it tends to give up the
absorbed water. This relatively high partial pressure of water vapor may be responsible for the extensive
"protected" area or shadow seen around cellulose particles. Any particle at rest on a surface for extended
intervals of time tends to adsorb water at the interface between the particle and the surface. The extended
shadow of minerals or other non-absorbing particles may be due to this effect. These particles would then
be those that were present on the surface of LDEF prior to launch. Particles with only a sharp silhouette
would be new arrivals at the time LDEF went into orbit. These would be the particles that relocated during
the launch and orbit insertion events. Photograph 1 illustrates mineral particles with extended shadows
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around the particle, those without extended shadows (discounting the "comet tail"), shadows without
particles indicating where a particle had been during orbit but that moved sometime during recovery, and
new particles with no shadow (including no comet tail).

Row 2 was a trailing row (as were rows 1, 3, 4, and 5), and was not exposed to any significant level of
atomic oxygen. The leading rows (rows 7, 8, 9, 10, and 11) exhibited a different pattern when the surface

was protected by particulate contaminants. Areas of uneroded surface material projected above the eroded
surface of carbon based materials (see Photographs 2, 3, and the second photo of Figure 1). A few
particles on the leading row trays moved while in orbit. The particles left an eroded pattern of their
silhouette where they had been and created a new silhouette on the eroded surface that they then protected
(Photograph 4 and Figure 2 tray C-08 photographs). The relative time the particle spent in each position
could be deduced by the relative amount of atomic oxygen erosion that had occured at each location. As
some carbon based surfaces were eroded metal oxide ash was left in proportion to the trace metals present
as part of catalysts, antioxidants, inorganic fillers, or contaminants present in the material. Resin systems
were often coated with a fine white ash resulting from atomic oxygen erosion as can be seen in the
background of Photograph 3, a carbon fiber/resin composite. Some particulate contaminants were carbon
based and did not survive the atomic oxygen exposure on the leading rows but left their outline as a
slightly less eroded pattern on the surface (see Figure 1, photograph 3). Particles that had moved while in
orbit as opposed to those that were carbon based and had been eroded away by the atomic oxygen left
different patterns in the underlying eroded surface. When a particle moved it exposed edges that began
eroding rapidly resulting in rounded rather than sharp edges. Eroded particles left an inert ash behind,
often concentrated near the edges of the particle, with the result that the edges were often less eroded than
the area where the main body of the particle had been. Photograph 6 is a good example of this effect.

Three types of shadows characterized the presence of particles on the exterior surface of LDEF during
its orbital exposure; molecular film, atomic oxygen, and ultraviolet light. Molecular film shadows are
shown in Photograph 1 and Figure 2, photograph 1. Molecular film shadows often exhibit what appears
to be an outgassing positive pressure zone around the particle that prevents local deposition of films. This
is most pronounced around particles with significant amounts of water to outgas as is the case with
cellulose fibers (Figure 2, photograph 1). Atomic oxygen shadows were characterized by less surface
erosion as seen dramatically in carbon based systems and to a lesser degree on other surfaces. The
ultraviolet shadow effect is seen in Figure 1, photograph 2. The smooth surface of glass fiber and the
ultraviolet transmission of some glasses created an atomic oxygen shadow but not an ultraviolet shadow.
The ultraviolet modification of the Teflon surface under the fibers on tray C-08 shown in figure 2 may
have contributed to their final movement. Because of the position of the tray with respect to the ram
direction the ray path through the fiber would not have been normal to the surface of the Teflon. As a
result the ultraviolet modification of the Teflon surface under the fiber would have been asymmetric,
increasing the instability of the fiber's position.

The particles themselves often exhibited the evidence of orbital exposure. Photographs 9 and 10 show
two organic fibers modified by their exposure to atomic oxygen and energetic ultraviolet light. In
Photograph 9 the straight chain nylon polymer has been reorganized through disruption of the bonding
along the chain and the generation of crosslinkages. This is evident by the change in the electron density
distribution indicated by the change in the color effects exhibited when the fiber is viewed between crossed
polarizing f'dters. In Photograph 10 both atomic oxygen and ultraviolet light exposure effects are evident
on a cellulose fiber.

Secondary evidence based on the identification of contaminants found on the surface, the location of
those contaminants, and their most likely source or sources was used to elaborate on the chronology
established by the direct evidence. For example a cellulose particle found on a leading edge tray surface
could not have survived the atomic oxygen exposure of orbit. It would have to have arrived at the surface
during or after recovery. The position of LDEF in the Shuttle bay during nearly all of the ground
operations had row 12 facing upward. This row has special significance for monitoring fallout while
LDEF was on the ground and in the Shuttle Bay. Just prior to and during launch the space end of LDEF

103



wasfacingupwardto collectfalloutcharacteristicof thoseevents. Once in orbit the Shuttle Bay doors
were opened and row 12 was the fn'st part of LDEF to receive ultraviolet radiation. Information of this
type has been providing and will continue to provide evidence to evaluate various contamination scenarios.

Contaminants created by impacts with space debris or micrometeorites constituted a special class of
materials. Figure 3 illustrates a few specific impacts. One of these impacts was the result of a micro-
meteorite impact with a bolt on a tray clamp of tray E-10. Molten metal droplets were ejected to a dis-
tance of about a centimeter onto the tray clamp. Many examples of the transport of molten metal con-
taminants have been seen on LDEF. On tray H-06, molten droplets were spattered over the bottom of
the tray more than 10 centimeters from an impact. Figure 3 also shows impacts with Teflon surfaces,
painted surfaces, and anodized aluminum surfaces.

IDENTIFICATION OF CONTAMINANTS AND THEIR SOURCES

The contaminants found on LDEF were from a variety of sources and represented a complex variety of
materials. The analytical compound light microscope is the most effective analytical tool available for this
type of work and was used extensively for this study. Microchemical tests, microphysical tests, micro-
FTIR spectroscopy, electron microscopy, X-Ray fluorescence microscopy, and other techniques were
used as appropriate. Below are a few examples of the kind of information used to differentiate particle
types during the analysis.

The fh-st example of this type of analysis is that of the variety of glass fibers present and their sources.
The glass fiber from the shuttle bay liner has a refractive index of approximately 1.55, a very constant
diameter of 15 micrometers, and a gentle wave set into each fiber by the weave of the fabric (Photograph 7
and Figure 1, lower set photograph 2). Shutde tile fiber has a refractive index of approximately 1.48, is
highly variable in diameter, and irregular in shape (Photograph 8 and Figure 1, lower set photograph 1).
Glass fiber from fiberglass is a third type present. This material has a refractive index of approximately
1.52, a diameter of about 25 micrometers, and the individual fibers are very straight. Glass fiber from
insulation blankets have a refractive index of about 1.52, are highly variable in diameter, and tend to be
irregular in shape though not as variable as the Shuttle tile fiber. HEPA filter glass fiber has a refractive
index of about 1.5, is variable in diameter but the diameter is less than 10 micrometers and often less than

one micrometer, and the fibers tend to be short and straight. These first level discriminators can then be
reffmed further by more accurate characterization of the refractive index or other parameter to identify
different sources of the same type of glass fiber.

The Shuttle Bay liner fiber was found widely distributed over the surface of LDEF and on the samples
from the Shuttle Bay not collected from the liner. The tapelifts from the liner material contained very large
amounts of this fiber and the associated Teflon material. Teflon was found associated with this fiber only
on a few occasions from samples collected from the surface of LDEF. These were presumably new
materials deposited during recovery. There was no evidence that these particular specimens had seen
extended LDEF exposure. Many of the bay liner type of fiber were found on LDEF surfaces with atomic
oxygen or molecular film shadows beneath them indicating they were present during orbit. These particles
were presumably deposited on LDEF during launch or payload integration. Most of these particles are
under 500 micrometers in length.

Glass fiber from insulation batting and glass fiber from glass fiber/resin composites were also common
on LDEF. The frequency of encountering these types of fiber varied by location and by proximity to
sources on LDEF. Variations in the refractive indices of the glass fiber from composite materials indicated
at least four sources. These sources include fiber freed by atomic oxygen erosion of LDEF materials
(Photograph 11), a glass fiber/phenolic material, and two glass fiber/epoxy materials. The atomic oxygen
freed fibers were redistributed on the surface of LDEF during reentry pressurization and during other
pressurizing events in the Shuttle Bay. Glass fiber insulation also was present from multiple sources as
indicated by variations in refractive indices.
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HEPAfilter fiber is veryregularin its propertiesanddifferentHEPAfilter sourcesaremoredifficult to
distinguishthoughtheHEPA sourceis well characterized(Photograph12). HEPAfilter fiber wasfound
in theShuttleBay samplesaswell asonLDEF. Duringa layoverin theferryflight theShuttlewas
connectedtoa newHEPAfilter purgeair cartthathadnotbeenblowndown. HEPAfiber mayhavebeen
blownontoLDEF atthattimebutit wasnot theonly sourceof suchfiber. HEPAfiber concentrations
neverexceededthetracelevel.

No glassfiberattributableto animpactwith aceramicor opticwasseenin anyof thesesamples.Glass
fiber is averycommoncontaminantthatcanprovidemuchinformationwith respectto contaminant
sourcesif it is properlyidentifiedasto type. If it isnot socharacterizedthepresenceof glassfiber
indicateslittle dueto thewidevarietyof potentialsources.

Organicfibersillustrateadditionalmorphologicalandopticalpropertiesusefulfor the identificationor
characterizationof particles.Organicfibersexhibittwodifferentrefractiveindices. In syntheticpolymer
fibersonerefractiveindexis characteristicof thepolymercrosslinkagesandtheotherof thebondingalong
thebackboneof thepolymer. Themanufacturingprocesstendsto align thepolymermoleculesothat
crosslinkagesarealignedatrightanglesto thelengthof thefiberandthecoreof themoleculeis aligned
with thelength. Theseindicescanbemeasuredseparatelybyusingasinglelinearpolarizingfilter on the
light microscope.With tworefractiveindicestheorientationof thehigherrefractiveindex,parallelor
perpendicularto thelength,becomesausefulcharacteristiccalledthesignof elongation.Orlonhasa
negativesignof elongation,thehighrefractiveindexis perpendicularto thelength,andnylonhasa
positivesignof elongation,thehighrefractiveindexisparallelto thelength. Theabsolutedifferencein the
tworefractiveindicesis anotherpropertycalledthebirefringenceof thefiber. Thebirefringenceis low for
Orlon(0.002),moderatefor Saran,andhighfor polyester(0.18). Morphologicalpropertiesincludethe
lumen(tube)downthecenterof plantfibers,cuticlescalescharacteristicof mammalianhair, linear
striationsof crenelateplasticfiber, blackspecksof rutile in plasticfibers,claysizingon thesurfaceof
paperfiber,andothercharacteristicstructures.

Most of theorganicfibersfoundon LDEFwereclothingor paperfibers. Polyester,nylon,andrayon
fiberhasbeenusedin cleanroomgarmentsbutnotSaran,Orlon,polyethylene,cotton,wool,or Teflon
fiber. Intenselycoloredfibersof polyester,nylon,or rayonalsogenerallyindicatestreetclothingandnot
cleanroomgarments.Trilobatenylon,a commonrug fiber, wasalsofoundonLDEF. Someof these
fibershadbeenexposedto theorbitalenvironment.Photographs9 and10showmodificationsdueto that
exposure.On theleadingrow traysthesefiberswereerodedby atomicoxygenleavingonly tracksasin
upperphotograph3of Figure 1. Thesetypesof fibersareoneof themostcommonShuttleBay
contaminants.An analysisof theHEPAvacuumbagsamplecollectedfrom theShuttleBaydoorprior to
openingindicatedthesetypesof fiberswerepresentat highconcentrationsalongthedoorjoint. The
InterimOrbiterContaminationMonitor(IOCM) monitoringtheShuttleBayatthetimeof theShuttleBay
dooropeningin theOPFindicatedthemostintensecontaminationresponseof theentiremissionat that
time. Thesetypesof fiberswererathercommononLDEF surfacesbothduringorbit andassampledin
SAEF-2.Paperfiberswerethemostcommontypeof fiberaddedto LDEF duringits stayin SAEF-2.
Paperfiber is oftenassociatedwith "sizing"materialsuchasstarch,clay,orplastic.

CONCLUSION

Theparticulatecontaminationhistoryof LDEFcanberesolvedbycarefulanalysisof particletypes,the
LDEFtimeline,evidenceof therelationshipbetweenparticlesandthesurfaceof LDEF, anda
considerationof probablesources.Thiswork is far fromcompletebuthasbeeninitiatedaspartof the
characterizationof theconditionof experimentaltraysthathavebeenreturnedto principalinvestigatorsfor
theiranalysis.Thework presentedin thisphotoessayis continuingandwill beupdatedin subsequent
reportsto NASA andatfuturetechnicalmeetings.
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ASSEMBLY DEBRIS TRACER PARTICLES

TRAY A-02

WELD SPHERES AND
NATURAL MINERALS. 200X

TRAY C-08 TRAY C-08

METAL. 200X ORGANIC FIBER CAST. 200X

TRAY E-02, CLAMP 8

SKIN EXPOSED TO ORBIT
ENVIRONMENT. 200X

SHUTTLE BAY TRACER PARTICLES

Figure 1: Particles Used To Trace Sources
Upper Set of Photographs: Assembly Debris
Photograph 1: Tray A-02, Silver/Teflon blanket showing a magnetite sphere typical of welding or

cutting iron alloys and a natural mineral particle that were present on this blanket when
LDEF entered orbit as indicated by the comet tail shaped molecular film shadow.

Photograph 2: Tray C-08, Silver/Teflon blanket showing a crescent shaped wear metal particle that
was present on this blanket when LDEF entered orbit and the smooth topped Teflon island
that indicates that fact.

Photograph 3: Tray C-08, Silver/Teflon blanket showing the cast of an organic fiber that was
consumed by atomic oxygen. The parts of the fiber that were in intimate contact with the
surface left concentrations of ash on the surface that further slowed the AO attack of the

Teflon surface. Where the fiber was not in intimate contact the ash was more dispersed
when it reached the surface or failed to reach the surface so provided less protection.
Where the fiber was not in intimate contact it did not provide any protection from ultraviolet
light. This also would reduce the net benefit of the shielding provided by this part of the
fiber.

Photograph 4: Tray E-02, clamp 8, chromic acid anodized aluminum with UV browned skin
flake.

Lower Set of Photographs: Shuttle Bay Tracers
Photograph 1: Shuttle tile fiber standard.
Photograph 2: Shuttle bay liner fiber standard.
Photograph 3: Tray A-10, Silver/Teflon blanket showing bay liner fiber with two AO Shadows.
Photograph 4: Tapelift from the Shuttle bay at Edwards. Shuttle tile fiber and bay liner fiber.
Photograph 5: Tapelift from the Shuttle bay.
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TRAY D-03

OUTGASSING PARTICLE WITH

POLYMERIZED CONDENSATE, 200X

TRAY C-0B

GLASS FIBER MOVED LATE IN

ATOMIC OXYGEN EXPOSURE, 300X
XRF SPECTRA OF STAINLESS STEEL SPATTER

Figure 2: Local Particle Effects
Photograph 1: Tray F-02, Silver/Teflon blanket showing the 'positive pressure' effect seen as the

clear area around the cellulose fiber. The roughened areas are a molecular f'flm deposit.
The comet tail type shadow is also seen in this photograph.

Photograph 2: Tray C-08, Silver/Teflon blanket showing two AO shadows made by the same
glass fiber. The upper lighter shadow was the last location of the fiber.

Photograph 3: Tray E-10, stainless steel splatter on the surface of anodized aluminum from an
impact with a tray clamp bolt.

Photograph 4: Tray D-03, Carbon fiber/epoxy composite showing the outgassing deposit from a
particle on its surface.

Photograph 5: Tray C-08, Silver/Teflon blanket showing two AO shadows made by the same
glass fiber.

Photograph 6: Tray E-10, clamp 2, X-Ray fluorescence analysis of the metal splatter from bolt A
on the anodized aluminum.

108 ORIGI_AL PAGE

BLACK AND WHITE PHOTOGRAPH



IMPACT CREATED DEBRIS

TRAY A-10, CLAMP 3

FLAKED C.A. ANODIZE

Figure 3: Impact Created Debris
Photograph 1: Tray E-10, clamp 2, showing the stainless steel ejecta field on the clamp from the

impact.
Photograph 2: Illustration of the impacted bolt and washer of tray E-10, clamp 2 showing the

direction of the impact and the path of the ejected material.
Photograph 3: Tray C-11, Silver/Teflon blanket showing the splattering of Teflon from an impact.
Photograph 4: Tray E-10, clamp 2, bolt A showing the impact site on the bolt using electron

microscope.
Photograph 5: Tray E-10, clamp 2 showing the field of ejected material using the electron

microscope.
Photograph 6: Tray E- 10, clamp 6, paint button showing an impact that released an outer ring of

AO freed pigment particles and an inner ring of paint flakes. Oblique toplight illumination.
Photograph 7: Tray E-10, clamp 2, washer A showing the impact site on the washer using

electron microscope.
Photograph 8: Tray E-10, clamp 2, stainless steel splatter on the surface of anodized aluminum

from an impact with bolt A. Scanning electron microscopy photograph at about 500x.
Photograph 9: Tray A-10, clamp 2 showing flaking of anodized coating caused by impacts in

orbit.

ORICII',IAL PAGe'

BLACK ANI3 WHITE. PHOTOGRAPH

109



Photograph1: TrayF-02,Silver/Teflonblanketshowingparticleshadowsin themolecularfilm (comet
tails),relocationor newparticleswith noshadows,andparticlesnowmissingthathadbeen
presentduringorbit (whitepatcheswith noblackparticlespresent).Thisphotographwastakenin
SAEF-2usingbrightfieldepiscopicilluminationsothatall particlesappearblackandsmoothclear
surfacesappearwhite. 125xmagnification.

Photograph2: Tray A-10,Silver/Teflonblanketshowingaglassfiber cast.Thefiberwasin placeduring
theentireorbitalexposureasis indicatedbythesmoothsurfaceof thecast. 125xmagnification.
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Photograph 3: Tray D-09, Carbon fiber/epoxy composite sample, L3-4-8-65-10, showing a particle
protected island that projects 65 micrometers above the atomic oxygen eroded surface. 320x
magnification.

Photograph 4: Tray A-10, Silver/Teflon blanket showing a bay liner fiber (note gentle curve and diameter)
with two AO shadows. The actual fiber is the center image of the three linear images and extends
above the surface of the Teflon. 575x magnification.
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Photograph 5: Tray E-10, Silver/Teflon blanket showing a pattern from a tangle of fibers. The fibers
protruded above the surface resulting in only partial protection for part of the surface.

Photograph 6: Tray C-08, Silver/Teflon blanket showing the pattern left by an organic particle that was
consumed by atomic oxygen. It provided some protection of the surface while it was being burned
away and its ash provided additional protection, at the edge especially. 575x magnification.
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Photograph 7: Bay liner fiber standard from the Columbia showing the gentle curve of the fiber and

constancy of the diameter. 320x magnification.

Photograph 8: Shuttle tile fiber standard from a shuttle tile removed from Columbia during preparation for
flight. Note the variability in diameter, irregular shapes, and fiber tangles. 320x magnification.
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Photograph9: Tapeliftfrom theShuttleBayatEdwardsshowingultravioletmodifiednylonfiber. The
photographwastakenusingpolarizingfilters 15degreesoff crossed.955xmagnification.

Photograph10: Tapeliftfrom theCanisterunderLDEFshowinganatomicoxygenandultraviolet
modifiedcellulosefiber. Thephotographwastakenusingpolarizingfilters 15degreesoff
crossed.255xmagnification.
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Photograph 11: Tray D-09 showing glass fiber freed by atomic oxygen erosion of a glass fiber reenforced

adhesive. 320x magnification.

Photograph 12: Tray C-11, Silver/Teflon blanket showing HEPA filter fiber. 285x magnification.
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Photograph13: TrayB-07,clamp7 showingbrownfilm particlethatrelocatedto the surface of a paint
button. 445x magnification.

Photograph 14: Tray D-09 showing an antenna particle created by atomic oxygen erosion of the Kapton
substrate upon which the vapor deposited aluminum array of half millimeter squares had been
placed. These squares were found distributed all over LDEF, the shuttle bay, and the LATS.
70x magnification.
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Photograph 15: Tray B-07, clamp 7, showing the fluid flow erosion of the edge of a paint button and the
deposition of white pigment on the rough surface of the adjacent black paint. 110x magnification.

Photograph 16: Tapelift from the SYNCOM Cradle after Iransport of LDEF in the O&C building. A
multichambered fungal spore, latex spheres, a starch grain, AO eroded Kapton fragment, skin, and
a clay particle are shown. The photograph was taken using polarizing filters 15 degrees off
crossed. 320x magnification.
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Photograph17: Tapeliftfrom kit 22,M0002edgeshowingrubberwearwith attachedpinepollenand
otherdebris. Rubberwearmaybefrom thecraneor from anothertire source.110x
magnification.

Photograph18: Paperfiber standardshowingcellulosefiberwith claysizing. Thephotographwastaken
usingpolarizingfilters 15degreesoff crossed.320xmagnification.
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Photograph 19: Tapelift from the shuttle bay at Kennedy, OPF, showing insect foot. 255x
magnification.

Photograph 20: Tray A-04, Silver/Teflon blanket showing mica protecting the Teflon surface from atomic
oxygen and ultraviolet light degradation. 1100x magnification.
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MIGRATION AND GENERATION OF CONTAMINANTS FROM LAUNCH THROUGH
RECOVERY: LDEF CASE HISTORY*

E. R, Cr0tcher, L. S. Nishimura, K. J. Warner, and W. W. Wascher

Boeing Defense and Space Group
Seattle,WA 98124-2499

Phone: 206/773-7002, Fax: 206/773-1473

SUMMARY

When LDEF entered orbit its cleanliness was approximately a MIL-STD-1246B Level 2000C. Its
burden of contaminants included particles from every part of its history including a relatively small
contribution from the shuttle bay itself. Although this satellite was far from what is normally considered
clean in the aerospace industry, contaminating events in orbit and from processing after recovery were
easily detected. The molecular contaminants carried into orbit were dwarfed by the heavy deposition of
UV polymerized films from outgassing urethane paints and silicone based materials. Impacts by relatively
small objects in orbit could create particulate contaminants that easily dominated the particle counts within a
centimeter of the impact site.

During the recovery activities LDEF was 'sprayed' with a liquid high in organics and water soluble
salts. With reentry turbulence, vibration, and gravitational loading particulate contaminants were
redistributed about LDEF and the shuttle bay. Atomic oxygen weakened materials were particularly
susceptible to these forces. The ferry flight exposed LDEF to the same forces and again redistributed
contaminants throughout the bay.

Once in SAEF-2 there was a steady accumulation of particulate contaminants. These included skin

flakes, paper fiber, wear metals, sawdust, and pollen to name a few. Some surfaces had a tenfold increase
in their particle loading during their stay in SAEF-2. A few of the cleaner surfaces experienced a
hundredfold increase.

It was possible to recreate the contamination history of LDEF through an analysis of its contaminants
and selective samples that were collected from surfaces with better documented exposure histories. This
data was then used to compare estimates based on monitoring methods that had been selected for the
purpose of tracking LDEF's exposure to contaminants. LDEF experienced much more contamination than
would have been assumed based on the monitors.

Work is still in progress but much of what has been learned so far is already being used in the selection
of materials and in the design of systems for space. New experiments are being prepared for flight to
resolve questions created by the discoveries on LDEF. This paper is a summary of what has been learned
about LDEF contaminants over the first year since recovery and deintegration. Over thirty-five specific
conclusions in five contamination related categories are listed at the end of this paper. Much more
information will be available with further study.

*Work done under NAS 1-18224, Task 12
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INTRODUCTION

TheLongDurationExposureFacility (LDEF)satellitehashadacomplexhistoryof exposureto
contaminantsandexoticenvironmentsasillustratedin Figure1. Prior to launch(Fig. 1,position1)LDEF
hadonits surfacesanextraordinaryvarietyof contaminantscollectedduringall phasesof preparation,
includingcleaningactivities.During its launch(Fig. 1,position2) in April of 1984aboardthespace
shuttleColumbiait accumulatedadditionalcontaminantsfromtheshuttlebay. Oncein low earthorbit atan
altitudeof approximately280nauticalmiles(Fig. 1,position 3) hydrocarbonandsiliconecomponents,
paints,adhesives,andcontaminantfilms beganoutgassingor offgassinginto the localLDEF environment.
Muchof thismaterialcondensedonsurfacesof thesatelliteexposedto ultravioletlight andbecameastable
surfacefilm modifyingtheopticalandthermalpropertiesof thatsurface.LDEF alsobeganaccumulating
micrometeoritesandspacedebrisasit sweptthroughspace.Theseenergeticimpactsredistributed
fragments,droplets,or condensatesof LDEFmaterials.Thehighenergyultravioletlight of low earth
orbit alsobeganmodifyingsurfacecarbonbasedmaterialscreatingnewoutgassingspecies.Initially low
levelsof atomicoxygenslowly interactedwith theramfacingsurfacesof thesatellite.As its orbit decayed
theflux of atomicoxygenincreased,burningawayhydrocarbonfilms andconveningsiliconesinto inert
silicates.In Januaryof 1990thecrewof thespaceshuttleColumbiagrappledLDEF in orbit (Fig. 1,
position 4) andgentlymovedthesatelliteinto its cradlein thebay. As gentleasit wasthegrappling
releasedcloudsof smallparticlesalongwithafew solarcellsandotherlargeobjects.Againnestedin the
shuttlebaythesatellitewasbroughtbackinto therich gaseousenvironmentof thisplanet'ssurface(Fig.
l, position 5 and6). Turbulentflow overthesurfaceof theshuttlebayandLDEF duringthisreturn
redistributedandmixedcontaminantsfrom bothsurfaces.LDEFs contributionto thismix significantly
exceededthatfrom theshuttlebaybut thecontributionof newparticlesto thesurfaceof LDEF was
evident.Theferryflight exposedLDEFto anothervarietyof environmentsandagainto turbulentflow
(Fig. 1,position 7 and8). At sometimeduringits recoveryLDEF wassprayedwith anaerosolof fine
dropletsof a hydrocarboncontainingmaterial(Ref.1). FinallyatKennedySpaceCenterthesatellitewas
removedfrom theshuttlebay(Fig. 1,position 9) andtransportedto theSAEF-2cleanroom(Fig. 1,
position 10). Thecontaminationin theshuttlebaywasmonitoredfrom beforethelaunchof theColumbia
throughtheremovalof LDEF from theshuttlebayby theIOCM experimentpackage.

In theSAEF-2cleanroomLDEF continuedto interactwith its newgasrichenvironment.When
theLATS wasfirst usedto rotateLDEEmaterialsfell fromthesurfaceof manyof thetraysandaliquid
beganslowlyrunningfrom thevicinity of trayC-12. Tray C-12hadbeenorientedhorizontallyon thetop
of LDEF asit satin theshuttlebayandthroughoutrecoveryupuntil thefirst rotationin SAEF-2.This
liquid wasanearlyindicationof atmosphericand/oroperationallyinducedchangesto orbitally stableor
pseudo-stablematerials.

Theatomicoxygendegradedmaterialsonthesurfaceof LDEFwereaconsiderablesourceof particulate
contaminantsbut theywerenot theonly sourceof particlesin SAEF-2andanadditionalsetof new
particlesbeganaccumulatingon thesatellite.Contaminantsin SAEF-2weremonitoredby automatic
particlecountersandby fallout andwitnessplates.Tapeliftswerealsotakenof thesurfaceof LDEF. The
trayscontainingtheexperimentswereremovedbeginningonFebruary22andendingon March29. A
final setof tapeliftswerecollectedfromLDEF onApril 13and14. Boeingwascommissionedwith the
taskof extractingcontaminationinformationfromLDEF surfacestoprovidetheprincipleinvestigatorsof
eachexperimentonLDEFwith backgroundinformationthatmayaffecttheiranalysis.Specificallythe
Boeingstudywasto "determinewhichcontaminantswerepresentbeforetheLDEF wasflown, which
werecreatedduringspaceflight, andwhichcontaminantswereacquiredby postflight exposures"
(MATERIALS SPECIALINVESTIGATIONGROUPHANDBOOK). Ourapproachwastoconsider
LDEFasalargecontaminationexperiment.Thispaperisapreliminarypresentationof thedatacollected
overthefirst yearsincerecovery.

WhenLDEF wasconsideredasacontaminationexperimentfive subexperimentsbecameapparent:
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1. LDEF asaparticlewitnessplatefor theshuttlebay

2. LDEF asamoleculardepositionexperiment

3. An experimentto determinetheorbitaleffectsoncontaminants

4. An experimenttoevaluatetheaccumulationof contaminantsin orbit

5. An evaluationof contamination monitoring systems

Each of these experiments has a legacy of data from past missions, from theoretical models, and from
basic constraints imposed by physics. The LDEF data is unique in that because of the duration of its stay
in orbit second order effects are clearly present that aid in the refinement of models and there is a reduction
in the effects of spurious events seen on shorter missions. A summary of the results from each of these
experiments is presented below along with a final comment on precautions for principle investigators
evaluating parameters that may have been influenced by the presence of contaminants.

LDEF AS A SHU'VI_E BAY WITNESS PLATE

The migration of contaminants from the shuttle bay to payloads has been a concern since the beginning
of the concept of the shuttle (Ref. 2). The term 'visibly clean' was frightfully unquantitative and anyone
familiar with particulate contamination control knew the control of contaminants for such a large and

delicate craft was complex in the extreme. A series of sophisticated instruments have been used to try and
quantify the amount of particulate matter in the shuttle bay that migrates as a result of launch vibration and
other shuttle related events but the results have been circumstantial with respect to the payload and
somewhat contradictory (Ref. 3, 4, 5). In the case of LDEF it was the payload itself that was being
examined. LDEF provided an excellent opportunity to evaluate the transport of contaminants between the
shuttle bay and a payload. As a payload LDEF was exceptional in that it closely paralleled thirty feet of the
bay as a large witness plate. There were some problems with this approach in that the preexisting
cleanliness level of LDEF had not been ascertained prior to exposure. An additional complication was that
the LDEF witness plate consisted of a variety of different surface materials and surface geometries. Each
material had a different propensity for retaining contaminants which in some situations was dominated by
the specific geometry of the material in terms of how it was attached to LDEF or its orientation. Because
of these problems some types of quantitative data would be largely circumstantial. Particle types that were
tracers, highly indicative of specific sources, were needed to provide qualitative substantiation and some
lower boundary quantification. Because LDEF had been exposed to the shuttle bay on two different
occasions a way of differentiating between them was required for a more reliable evaluation of the impact
of each exposure. The interaction between particles and surfaces in an orbital environment provided a
method for that differentiation in many instances. Below is a summary of what has been accomplished to
date.

Pre-Launch Cleanliness of LDEF

The particle cleanliness of LDEF varied significantly from area to area on a tray, from experiment to
experiment, and from tray to tray. Cleanliness was not a priority concern for most of the experiments.
Visibly Clean Level II (SN-C-0005) was the only requirement and the expense of elaborate precautions
could not and would not have been justified by the original mission goals. Many if not most of the
experimental trays were handled with bare hands. Fingerprints and handprints were evident widely

dispersed over LDEF and inside the trays (Ref. 1, photograph 6 and Ref. 6, photograph 3).
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Contaminants, particulate and molecular, from a variety of sources have been identified as being present
on LDEF prior to the exposure to the shuttle. The best estimate for the cleanliness of LDEF prior to shuttle
exposure is a modified MIL-STD-1246B Level 2000C, or, using a slope of 0.38 rather than the slope of
0.93 used in the military standard, a level 5000 as presented in Reference 6, "Quantification of
Contaminants Associated with LDEF".

LDEF Configuration in the Shuttle Bay and Particle Location

LDEF was located between bay 2 and the SYNCOM cradle in the shuttle bay with its exterior surface
approximately a foot from the bay liner. Row 12 was in the 'z' normal position facing out of the shuttle
and row 6, on the opposite side of LDEF, was immediately above the floor. Row 3 and row 9 were

oriented in the 'x' normal position just below the level of the door hinges. The space end of LDEF was
directed toward the shuttle cabin. This geometry is important because it is a configuration unique to the
shuttle exposure of LDEF (see Figure 2). In orbit a bifold symmetry about the plane through rows 9 and 3
existed. In LATS a rotational environment with alternating rows directed downward in a unit gravity field
defined the exposure. Only in the shuttle was row 12 open and facing upward for extended intervals of

time. When the shuttle was rotated to a vertical position the space end acted as a collection plate for fallout
from the cabin bulkhead. There have not been enough of the specific surfaces of interest studied to
adequately document the results of this geometry for particles but it has been very useful in documenting
the arrival of a spray of hydrocarbon containing material at the surface of LDEF (Ref. 1). Work by John
Scialdone (Ref. 7) provides a model for selecting surfaces of interest related to the launch environment as
well as for the evaluation of some of the micro-environmental effects seen on some trays and reported in
Reference 8, "Silver/Teflon Blanket: LDEF Tray C-08".

Tracer Particles and Their Time of Arrival

The best tracer particles for the shuttle bay are the glass fibers used as part of the bay liner and those
from the shuttle tiles (Ref. 9, photographs 7 and 8). These are characteristic of the shuttle bay
environment and though reported by NASA investigators to be a minor part of the total contaminant
burden in the shuttle bay, their durability in orbit makes these fibers an excellent tracer for the bay
contributed contaminants. These particles were found widely distributed over the surface of LDEF. The
actual number of shuttle glass fiber particles positively identified is less than one hundred but that
represents a significant number of the total glass fibers analyzed and is too high a number to suggest that
such cross contamination is rare. These small colorless glass fibers could be present at fairly high levels in
the shuttle bay and still not be readily visible. The distinguishing characteristics of these fibers are
discussed in Reference 9 along with documentation of their post-launch distribution. The shuttle fibers
contributed at launch and those that were added during the recovery and transport activities were
essentially the same, which complicated the assignment of fibers to those separate events. No attempts
have been made at this time to differentiate between them. Many of the fibers deposited originally on the
surface of LDEF during launch and present during orbit had moved by the time LDEF was in SAEF-2.
Shuttle fibers found on the surface of LDEF in SAEF-2 that were not associated with surface shadows

may have been new fibers or relocated older fibers. The relocation of shuttle fibers during recovery
operations and their redeposition are documented in Reference 9.

MOLECULAR DEPOSITION EXPERIMENT

Most of the molecular film deposited on the surface of LDEF was the product of LDEF's design and not
the result of contaminant residues on its surface at launch. Though before launch LDEF was not
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particularlycleanin thesenseof non-volatileresiduestheseresiduesamountedto lessthantenpercentof
thefinal film foundonLDEF (Ref 1). Overninetypercentof thefinalfilm camefrommaterials
intentionallyusedonLDEF, RTV siliconematerialsandurethanethermalcontrolpaints:Z306blackand
A276white. Thesiliconesandthelargeamountof Z306paintusedon thebacksideof thetraysandon
theinteriorstructureof LDEFcontributedanestimatedtwo to threekilograms(4 to 6pounds)of
outgassedmaterialsto theenvironmentof LDEF (Ref.6).

Anothermajorfactorin thedepositionof thesefilms wasthegeometryof theventsfrom theinteriorof
LDEF. Theventsconsistedprimarily of thecomersof eachtray,theedgesof thetrays,andtheedgesof
theearthandspaceendpanels.All of theseventstendedtodirectoutgassingmoleculesatlow anglesover
thesurfaceof LDEF. Theendpanelsandthetrayedgesconsistedof openingsbetweentwoclosely
parallelingsheetsof metal. Themostfavoredescapepathwasonethatnearlyparalleledthesurfaceof
LDEF. This trajectorykeptthemoleculesincloseproximityto thesatelliteoveragreaterpathlength,
increasingthemoleculardensitynearthesurfaceandtheprobabilityfor aninteractiondirectingamolecule
to thesurfaceof thesatellite.Wheremoleculeshadcondensedonasurfacethatwasthenexposedto
ultravioletlight themoleculewasfixed inplaceorquicklyemittedleavingastablepolymerizedsolidfilm
behind.During thenextcycle(cyclic depositiondiscussedbelow)themoleculesflowing overthissurface
wouldnotencounterahighdensityof moleculesescapingthissurfaceandsoencounterswith other
moleculeswouldincreasetheprobabilityof themoleculebeingdirectedtowardthesurfaceof LDEF. This
effectis notdependentupontheRAM effectbutratheronventstreamsfrom adjacenttrayscreatinga
highermoleculardensityverynearthesurface.Consideringtheamountof ventedmaterialavailablethis
couldaccountfor thedepositsseenonthetrailingstructuralelementsof LDEF betweenthetrays(Ref. 1,
photograph9). Thecomerventsconsistedof acomplexhollowwith condensationsurfacesparallelto,
andnormalto, thesurfaceof thetray. Theparallelsurfacesfacedbackinto theinteriorof LDEFbutwere
elevatedslightlyabovethefaceof thetray. Theedgesof theneighboringtraysandthestanchionsand
longeronsconstitutedcollectionsurfacesatright anglesto thefaceof thetray. Thesesurfacesof the
stanchionsandlongeronsfacedoutontothetraysandwouldemitmoleculesparallelingthefaceof the
nays. Thedoubleshadowsseenaroundsomeparticles(Ref. 1,photograph9) couldbeexplainedby
emissionsfrom thesesurfaces,bothatrightanglesto thetraysurfaceandto eachother.

Theventsin LDEFconstitutedarelativelysmallopportunityof escapedueto their sizeandthe
complexityof theescapepathfor multiplebouncepaths.Theventareaof LDEF'ssurfacefor a single
straightpathescapewasonly about0.2percentof thetotalsurface.Multiple bouncetrajectoriesor
repeatedthermalcyclingeventsof vaporizationandcondensationblendedtheinteriorsourcesintoa
reasonablyuniformcompositionof molecularspeciesprior toescape.This is indicatedbythe
characteristicuniformityof theinfraredspectraof thefilms foundonwidely separatedsurfacesof LDEF
(Ref. 1,figures1,2, and6).Anothercharacteristicof thefilm from theventswastheir layering. As many
as34discreetlayerswerefoundin someof thesefilms (Ref.1,photograph7). Thelayerswerefrom tens
of nanometersto micrometersin thickness.Themostobviouscyclethatwould resultin this layeringis
thatof theorbit. If thecyclewasorbital thenthemajorityof thefilm wouldhavebeendepositedveryearly
in themissionwith relativelyhighmoleculardensitiesandrapid'fix' timesfor thepolymerizationof the
films onceexposedto ultravioletlight. Thefilm with the34or morelayerswascollectedfrom a ventof
trayC-12. C-12facedoutof theshuttlebayandhadtheearliestexposureto fixing ultravioletlight prior to
releaseinto freeorbit. Someof theselayersmayhavebeenfixedin placebeforeLDEF hadleft theshuttle
bay. If this is truedepositson theventsof rows 1,2, 10,11,and12shouldbe themostdeveloped.
Thoseon theearthandspaceendshouldalsohaveadepositionpatternthatcorrespondsto thatorientation
ratherthananorientationdominatedbytheramdepositioncharacteristicof LDEF'sfreeorbit. Sucha
depositpatternhasnotbeendocumentedfor thesetraysbut thesearchis continuing. Row 12doesseem
to haveratherwell developeddepositscomparedtorow 6 andtheapparentthicknessof manyof thelayers
seenin thesefilms doesseemto supportanearly,andtherefore,orbitalcycledepositionsequence.

Thereis muchevidencesupportinganorbitaldepositionsequencebutthereis alsoevidenceof much
longerdepositionintervals.Thecanistersthatdid notopenuntil amonthafterenteringorbit exhibited
depositionsof thesefilms. It is possiblethatsomelongercyclewasinvolvedin forming someof these
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layers.Longercycleshavebeendocumentedsuchasthermalvariationsandultravioletlight exposure
timesfor differentpartsof thesatellite.Thereleaseof someof thefilm formingmaterialsmayhavebeen
markedlynon-linearwith respectto theheatingof somecollectionsurfaces.Thereis noreasontoreject
multipledepositionscenarios,all occuringatthesametime,thoughonemechanismmaydominateinone
areafor a givenintervalof time. Therate at which the Z306 and the silicone materials released their
outgassing products is not known. There are a number of combinations of release rates, vapor pressures,
chemical affinities or stabilities, and rates of interior venting that would account for the composition of the
films over the time required for their deposition but it is possible the f'mal film is simply the most stable of
a variety of chemical possibilities. Modeling LDEF as a large diffusion tube would help to establish a
scale of time over which the amount of material released from surfaces inside could escape to the outside.
This has yet to be done. Another long duration source of molecular material is the decomposition and
release of fragments of polymers due to the effects of ultraviolet light. Evidence for the loss of material
from polymer surfaces through this mechanism is seen on trailing tray Teflon surfaces (Ref 8., photograph
6) and other polymer surfaces.

There were a variety of smaller sources of molecular material on LDEF that had only local effects.
These ranged from the microscopic fragments of skin that affected areas on the order of tens of square
micrometers, to large packages such as the fiberoptic bundles on tray C-12 that affected areas on the order
of a square meter. Each of these small 'diffusion cells' had specific emission rates and and outgassing
species that dominated the cell's local environment for some distance dependent upon other local sources
and their relative strength. A cellulose fiber outgassing water vapor seems to have created a local zone of
protection around the fiber as seen in Reference 9, figure 2, frame 1. The interaction of these cells of
various types may help establish the timing of the deposition sequence on LDEF. Determining the timing
is critical to understanding how to minimize the effects of these films on satellites or to preventing their
deposition on critical surfaces of future payloads.

Though the original molecular film contaminant layer present on LDEF at launch was minor compared
to later depositions there were some areas where this pre-launch contaminant was at high enough levels to
be of interest. Those deposits were associated with tray clamps and shims or fasteners. In these areas
sufficient material had been concentrated by solvent cleaning or other activities to have an effect above the
background levels. These objects acted as simple diffusion tubes releasing materials at a rate determined
by the volatility of the material, its location with respect to the point of final release into the outer
environment, and the temperature at its location on LDEF. The result was a gradient of functional groups
that seems to suggest the variability of vapor pressure, release rates, and interaction with the molecular
species venting from the interior of LDEF (Ref. 1, figures 17, 18, and 19). These areas should also be
useful in developing a better understanding of the formation mechanics of the LDEF molecular films.

CHANGES IN CONTAMINANTS WITH TIME IN ORBIT

Contaminants are not dormant in orbit. Molecular films are an obvious example but particulate
contaminants also change and migrate over surfaces in orbital environments. The effect is to increase the
apparent footprint of the particle on the surface. In Reference 9, figure 2 a number of examples are
provided and are referenced by frame number below in this paragraph. The fractional obscuration of
surfaces by particles or the absorption, emission, or scattering of UV, visible, or infrared wavelengths of
light are principal areas of concern regarding particles on surfaces. From the standpoint of imaging optics
the footprint of a particle is the area of optical inhomogeneity created by the particle. The shadowing
effects of particles tends to increase the size of the particles effect by as much as an order of magnitude
(Ref. 9, fig.2, frames 1 and 4). Some of this change is due to molecular contaminants that are generally
associated with the interface between the particle and the surface on which it sits. If these materials are
volatile condensable materials they may spread from the particle along the surface and become fixed
molecular films.
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The movement of particles from one area of a satellite's surface to another was documented on the ram
facing Teflon covered trays (Ref. 9, fig.2, frames 2 and 5). The documented movement was limited to

very short distances, less than 100 micrometers, but longer transport distances may also occur though their
documentation would be difficult due to the areas that would have to be searched and the number of
measurements that would have to be made.

The darkening of molecular films on surfaces with ultraviolet light exposure is a well known
phenomena, but with LDEF, knowledge of the nature of the UV modified film and of its optical properties
will improve. These molecular fills have been implicated in failures due to thermal effects as well as
power loss through decreased efficiency of solar cells.

When LDEF was retrieved there was an inhomogeneous distribution of contaminants. That by itself
was not surprizing but it raises the question of preferred sites or 'contamination sinks' where contaminants
persist or collect preferentially. Reference 8 provides an example of one such location for particles at the
edge of tray C-08. The distribution of molecular f'flms on the surface of LDEF is another example. The
nature of the specific contamination sink will vary with the type of contaminant and the collection
mechanism. Some are active before launch and some are only active in orbit. The concept of
contamination sinks may be useful in satellite design.

ACCUMULATION OF CONTAMINANTS IN ORBIT

As a satellite sweeps through its orbit it accumulates man made space debris by impaction. Rapidly
moving meteorites from all directions impact with the satellite adding to the accumulated contaminants.
The total mass of these two sources is dwarfed by the amount of contaminants they create as a result of the
impact. These impacts often generate thousands of times their mass in the form of new particulate
contaminants deposited on local surfaces. In Reference 9, figure 3 an example is given of one impact with
a bolt and washer on a tray clamp of tray E-10. Droplets of molten metal from the bolt and from the
washer were spread over the surface of the clamp at a distance of nearly a centimeter. Many such
examples have been found on LDEF, some involving transport on the order of a number of centimeters.
Vapor phases generated by these impacts often condense on the surface locally and may redeposit on the
satellite's surface at greater distances as part of the return flux in the ram direction. The types of
contaminants generated by these impacts is dependent upon the surface impacted. Examples of Teflon,
atomic oxygen eroded paint, stainless steel, and anodized aluminum are provide in Reference 9, figure 3.
The fluorine detected on many metal surfaces of LDEF may be from the redeposition of materials, gaseous
or particulate, created by impacts with Teflon surfaces.

Polymeric materials are another source of new contaminants in orbit as mentioned earlier. Energetic
ultraviolet light degrades the bonds holding polymers together, often creating free radicals that may form
other bonds or diffuse as an outgassing product into the volume around the satellite. These new
outgassing materials are then free to contribute to the molecular films depositing on the surface. This is
another possible mechanism for the release of fluorine into the environment of LDEF coming from Teflon
and from fluorine catalyzed 934 resin used in many LDEF samples. This deposition should be most
prevalent on the ram surfaces (Ref. 10) but due to the atomic oxygen fluence on the ram surface of LDEF
carbon based residues would be destroyed though the presence of fluorine and silicon on these surfaces
may in part be due to this source. Depositions in the canisters that were closed after ten months may also
contain traces of these materials.

Atomic oxygen erosion of paint surfaces liberates inorganic pigment particles that are then free to
migrate. Inorganic ash particles or atomic oxygen weakened surfaces are also sources of particles that can
become free of the surface as a result of a nearby impact and migrate. Thermal effects may be sufficient to
free some of these particles from the surface. There was a very significant relocation of these particles
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duringrecoverywhichwouldhavedestroyedanysuchevidencefollowingrecovery.Photographstaken
in orbitmayprovidesomeinformation.

EVALUATION OFCONTAMINATIONMONH'ORINGSYSTEMS

Thepresumptionof productcleanlinessbasedon thecleanlinessof nearbycollectionsurfacesor witness
plates,or basedon low levelsof halfmicrometerparticlesin theair asdeterminedby anautomaticairborne
particlecounteriscommonin high-techindustries.Theproductitself isoftentoofragile,inaccessible,or
pronetodegradationto sampledirectly. LDEFprovidedanopportunitytodirectlyexamineasurface
whosecleanliness,in termsof newcontaminantsorcross-contamination,hadbeenmonitoredby
environmentalsensorsplacedin proximityto thesatellite.Thefast setof proximalsensorsusedto
monitortheenvironmentto whichLDEFwouldbeexposedwereall partof theIOCM experiment.This
experimentconsistedof animpressivearrayof substratafor lateranalysisaswell asactiveTQCMsthat
measuredrealtimevariationsin theharmonicoscillationfrequencyof aquartzcollectionsurface(seeRef.
5). Thesesensorsbeganmonitoringtheshuttlebayover fortyhoursbeforelaunchandcontinuedthrough
theremovalof LDEFfrom thebayafterrecovery.Thesecondbatteryof proximalsensorsconsistedof
witnessplates,automatedairborneparticlecounters,andtapeliftsfrom surfacesnearLDEF. Tapelifts
from nearbysurfaceswerefirst collectedfrom theshuttlebayat Edwards,thenatKennedyaftertheferry
flight, from thecanisterbeforeandafterLDEF'stransportfrom theOPFto theO&C building,andfrom
theLATS until theremovalof thelasttrayin SAEF-2.All of theseresultswerecomparedto tapelifts
takendirectlyfromthesurfaceof LDEFandto directanalysisof selectedLDEFsurfaces.

In comparingtheIOCMresultsto thetapeliftdatafrom theSYNCOMcradle surfaces as well as the
shuttle and LDEF surfaces a few apparent inconsistencies are evident. The f'n'st has to do with the cross
contamination of payload surfaces in the shuttle bay. The analysis of the IOCM data was interpreted as
indicating no cross contamination. Tapelift data from the SYNCOM cradle indicated significant amounts
of bay liner fiber and tile fiber. It is possible that this material collected on the surface of the cradle prior to
activation of the IOCM but some migration of the particles during launch certainly seems likely. The
SYNCOM cradle samples were collected in the canister after removal from the shuttle bay with LDEF. A
significant amount of LDEF material was present on these tapelifts indicating high levels of cross
contamination during recovery activities (Photograph 1). The QCM data failed to indicate particulate
deposition of the magnitude that occured. The witness plates, as part of the IOCM, indicated a post flight
surface obscuration of 2.4% which closely matches tapelift evidence. The QCM data collected, as
currently interpreted, does not correlate well with other analytical method used to monitor the bay,
including other parts of the IOCM monitoring system. The QCM's are providing real time data that is
potentially of great value but at this time the QCM data from the STS-32 mission is best described as
requiring careful and cautious interpretation that must be supported by evidence collected using other
techniques.

At some time during the recovery LDEF was 'sprayed' with fine droplets of an organic containing
aqueous material that also contained potassium and sodium chlorides. This material has been found on
ram facing trays and shows no signs of atomic oxygen degeneration. Its distribution is from row 3
through row 1 and row 12 through row 7. These are the rows that were exposed above the edge of the
bay when the doors of the shuttle bay were open and along the port side. None of the IOCM systems
detected this event as far as is known at this time. The source of this material is still unknown (Ref. 1).

During the ferry flight the IOCM QCM's behaved erratically, possibly in response to pressure and

temperature differences on the exposed crystal created by turbulent flow. Direct examination of the surface
of LDEF and paired tapelifts from the same surface before and after the ferry flight indicate significant
migration of particles and air erosion of unstable surfaces such as those weakened by atomic oxygen attack
while in orbit (Ref. 9, photograph 15). The IOCM witness plates and other surfaces of the IOCM also
indicated a very significant redistribution of particles during different parts of the LDEF recovery
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operation.Small,halfmillimeterona side,squaresof aluminumcoatedKaptonfrom trayD-09 were
foundwidelydistributedonLDEF. Theshuttlebayfloorwaslitteredwith themwhentheshuttlereached
theOPF. Theywerealsofoundon traysB-04,C-12,all overD-09,andin otherareasof the interior
structure.Reference9, photograph14showsthebacksideof oneof thesesquares.Theothersideis
vapordepositedaluminum.

Thetransportof LDEF from theOPFto its final positionin SAEF-2wasmonitoredbywitnessplates
andby tapelifts. Thewitnessplatesusedto monitorparticlefalloutat Kennedyweresmall,47millimeter,
membranefilter pads.Partof thedataispresentedin reference6,figures1,2, and4. Thewitnessplate
techniqueusedseemedto lacksensitivitywith valuesatleastanorderof magnitudelower thantapelift
resultsevenwhenthetapeliftresultswerebasedonly oncountsof LDEF materials.Largerparticles
tendedto beevenmoresignificantlyunderestimatedon thewitnessplatesresultingin an inversionof the
shapeof thedistributioncurvecomparedto standardmodelsandto thetapeliftcurves.

Oncein SAEF-2theenvironmentwasmonitoredby automaticairborneparticlecounterandwimess
plates.Theresultsof bothareillustratedin Reference6, figures4 and7. TheSAEF-2facility wasalarge
roomwith twoexteriorwalls. Theexteriorwallshaddoorandwindowopenings.Thesewailswereas
muchasthirty feetor morehigh. Theair in thefacility wasprovidedthroughdiffusersin thehighbay
ceilingafterbeingfilteredthroughHEPAfilters. Theair exchangeratewasreportedlybetterthansixroom
volumesperhour. Thereturnair diffuserswerein fourcolumnsthatstoodbetweenthehighbayandthe
mainwork andstoragearea.Theautomaticparticlecounterwason thewalloppositetheworkarea.
LDEFwasbetweentheworkareaandtheparticlecounter.Witnessplatesamplesfor theroomwere
locatedneartheedgesof theroomto beoutof theway. Witnessplatesampleswerealsoplacedonthe
LATS to monitorfallout nextto LDEF.

Theautomaticparticlecounterin thehighbaywasmountedabouttenfeethighononewall of theroom.
Theparticlecountin theroomat thatlocationexceeded100,000particlesgreaterthanhalf amicrometerin
scatteringdiameteronly for ashorttimewhenatwentyfoot highscaffoldingwasbeingmovedin its
vicinity. Generallytheparticlecountwaslessthan10,000percubicfoot. Thatincludedanintervalwhen
woodwasbeingsawedin thecleanroomandanepisodeduringwhichhundredsof feetof regularchart
paperwerefedthroughahighspeedchartrecorder.Botheventsleft theirevidenceonLDEF surfacesbut
neitheraffectedfalloutmonitorcountsor theautomaticairborneparticlecounter(Photographs1and2).

Tapeliftsfrom surfacesin SAEF-2werecollectedonly todeterminethecleanlinessof specificsurfaces
andthetypesof particulate contaminants present and not to generate fallout rate data. Most of the surfaces
that were tested were cleaned once a day but the tape was a more efficient surface cleaner than the method
used to clean the surfaces so there was a consistent elevated background. Quantitative rate data can not
validly be derived from these results. Tapelift samples were often collected later in the day as a worst case
example of cleanliness. Some of these results are shown in Reference 6, figure 2.

Direct examination of LDEF surfaces indicated a steady accumulation of paper fibers, skin flakes,

clothing fiber, flooring particles, sawdust, and other materials generated within SAEF-2. Pollen grains,
natural minerals, and insect debriswerealso seen,indicating exterior sources for particulate contaminants.

The mechanism for the entry of these exterior contaminants is not clear but there are two good candidates.
Mechanical transport with the particles being carried in by the large number of personnel in and out of the
facility each day is certainly part of the answer. Another is the penetration of contaminants through leaks
in doors or windows of exterior walls as a result of wind conditions. The design of the facility makes the
establishment of constant positive pressure impractical and certainly not obtainable under the operating
conditions when LDEF was in the facility. The pollen types in the samples collected at various times
during LDEF's stay in SAEF-2 changed as different plants came into season. A few of the pollen types
are shown in Photographs 3 through 6. SAEF-2 has since been remodeled.
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CONDITION OF LDEF AS DELIVERED FOR ANALYSIS

All exterior surfaces of LDEF accumulated some contamination from integration with the shuttle bay
until release into orbit. The particulate contaminants included skin cells, clothing fibers, paper fibers, clay
paper sizing, glass fibers, natural minerals, wear metals of aluminum and iron alloys, and other materials.
These particles are identifiable by the shadow effect they had on the surface of LDEF or by orbital
environmentally induced modifications of the particle itself. Some surfaces had relatively few surface
particles in orbit. Others were quite contaminated. Particle populations varied by a few orders of
magnitude over the surface, sometimes even on the same tray. Once in orbit a molecular film was
deposited on nearly all exterior surfaces and any interior surface where light could penetrate. The film
consisted of hydrocarbon, carbonyl, amine and amide, and silicone functionalities. This film is inert to
most solvents but can be scrubbed off the surface. Flushing with organic solvents will not remove this
film.

Impacts with space debris or with micrometeorites created additional particulate contaminants including
molten metal droplets. Atomic oxygen degraded carbon based materials and silicones generating inorganic
ash or silica. Much of the molecular film deposited on the ram facing trays was converted to a film of
silica.

Particles from LDEF surfaces began moving to other LDEF surfaces beginning with the grappling of
LDEF by the shutde, if not before. This cross contamination increased and included the shuttle bay
surfaces with the turbulent flow of reentry. The ferry flight again exposed the surface to turbulence
induced cross contamination. These particles tended to be aluminum film materials, ash, paint pigment,
and glass fibers. Some time after grappling LDEF and placing it in the shuttle bay it was showered with a
mist of fine aqueous organic liquid droplets with a high water soluble salt content that hit the surface as a
slush. These droplet deposits have been found on rows 3, 2, 1, 12, 11, 9, and 7. They seem to be most
common on row 12. Row 10 has not been examined for this material. Examination of row 6 materials for

the presence of these droplets has been negative to date.

At Kennedy new skin, fibers, pollens, and natural minerals began accumulating on the surface of the
trays. On some surfaces the particle count increased by an order of magnitude over the value from orbit.
One structural surface increased by two orders of magnitude from the time it arrived in SAEF-2 until the
last way was removed. References 6, 8, and 9 of this proceeding provide additional information.

CONCLUSION

After presenting these five "experiments" it is evident that LDEF has added a great deal to our
understanding of contaminants and spacecraft cleanliness. In a broader sense this paper is about materials
and systems. When we design a spacecraft and the processes that will be used to construct and deliver it
to its final functional environment we are programing reliability into the product. The greatest value of
studying the contaminants on LDEF is in deriving information that may aid in the design of more reliable
spacecraft. The conclusions below are listed by category with design considerations in mind.

Molecular Films

1. Nearly a pound of contaminating molecular film was deposited on the surface of LDEF while it was in
orbit.
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2. AlthoughLDEF carriedintoorbit asurfacemolecularcontaminantf'flmof about2.5milligramsper
squarefoot thiscontributedsignificantlylessthantenpercentof thefinal film burden.

3. Thedepositedmolecularfilm covering LDEF was the result of outgassing from the urethane paints and
the RTV-silicones used on LDEF. These materials were considered space qualified though no bakeout had
been performed.

4. The deposited film was layered indicating a cyclic deposition. The cycle may have been an orbit in
which case the majority of the film would have been deposited very early in the mission.

5. Fixation of the condensed molecular film required ultraviolet light exposure and possibly some atomic

oxygen exposure.

6. Numerous small outgassing sources were present that created local variation in the deposited film.

7. Some outgassing materials seemed to 'protect' small areas of the surface from deposition of films.
Some of these materials typically outgas water or other material that is a non-condensable in orbit.

8. A high percentage of the outgassed materials available for the formation of a f'dm contributed to that
film. The design of the vents created a high molecular density at the surface by directing much of the
venting material parallel to the surface of the satellite. Thermal divergence, the ram effect, and direct
impingement explains most of the deposition given the surface concentration.

9. Thermal cycling of surfaces as a result of their exposure to the sun played a significant role in the
development of the fixed films. Surfaces that were exposed to the rising sun had thicker films than
surfaces that saw the setting sun for any given location. This is believed to be the result of the
condensation/evaporation cycle of the molecular film precursor materials prior to fixing by ultraviolet light.
The surface that is exposed to the rising sun is always cooler than an adjoining, thermally coupled, surface
that is not exposed to the sun until a later time.

10. Organic material associated with potassium and sodium chlorides was deposited as an aerosol over
LDEF after it was placed in the shuttle bay for return from orbit.

11. Much of the molecular film deposited on the ram facing tray surfaces was converted to films of oxides
of silicon.

Particles

1. The particle cleanliness level for LDEF when it entered orbit was approximately a MIL-STD-1246B
Level 2000C.

2. The MIL-STD-1246B particle distribution curve has too steep a slope, 0.93, to represent the
distributions seen on LDEF and for most associated surfaces sampled. A slope of 0.4 fits much better.

3. Cross contamination during launch and during recovery between surfaces in the shuttle bay is evident.

4. Particles move along the surface under some conditions in an orbital environment. Thermal effects and
local impacts with debris or micrometeorites may provide the force to move the particle and ram effects
may be responsible for redeposition. All redepositions of trackable particles occurred on the ram facing
trays.
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5. Micrometeoriteanddebrisimpactscreateparticulateandmoleculardebris,afractionof whichcollects
on thesurfaceof thespacecraft.

6. Themajorityof theparticleson thesurfaceof LDEF while it wasin orbit wereresiduesfrom the
assemblyof thetraysandexposuresprior to launch,not transferfrom theshuttlebay.

7. Theobscurationareaof a particle may grow in orbit as a result of outgassing or as a result of
shadowing effects involving atomic oxygen, ultraviolet light, or deposition of molecular films.

Shuttle Bay/Payload Cross Contamination

1. Particles move from the shuttle bay surfaces to that of the payload and from one part of the payload to
other parts of the payload and to the shuttle bay surfaces.

2. The shuttle bay surfaces have significant populations of free tile and bayliner fiber at the conclusion of
the mission. Based on the LDEF study detectable populations of these fibers have transferred to payload
surfaces prior to release of the payload in orbit.

3. Shuttle dumps may create debris that lands in part on the contents of the shuttle bay.

4. Reentry and the ferry flight exposed LDEF to turbulent air flow resulting in some erosion of atomic
oxygen eroded surfaces and a redistribution of particulate contaminants about LDEF and the shuttle bay.

Contaminant Monitoring Systems

1. In general contaminant monitoring systems did not correlate well with the accumulation of
contaminants on the surface of LDEF.

2. The IOCM QCM's detected a number of events of interest but the interpretation of the data is still not
clear.

3. The IOCM QCM's behaved in an unexpected manner during the STS-32 mission and ferry flight.

4. The IOCM witness plates provided useful data on contaminants as did the entire exterior surface of the
unit.

5. Tapelift samples from the same locations following specific activities provided good qualitative data
and appears to provide good quantitative data.

6. Airborne particle counts in SAEF-2 didn't correlate well with activities in the clean room or the particle
exposure of LDEF as determined by direct examination of the surface or by examination of tapelifts from
the surface.

7. Particle witness plate monitors as used at Kennedy didn't con'elate any better than the airborne particle
counts. This may have been due to the small size of the plates used, about one square inch. The particle
size distribution curves generated by counts from these plates showed an inverted shape deficient in large
particles.
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Effectsof OrbitalExposureonSatelliteCleanliness

1. Contaminantsaremobilein orbit.

2. Impactswith spacedebrisor micrometeoritesgeneratequantitiesof bothparticulateandmolecular
contaminants,someof whichwiUcontaminatethesurfaceof thespacecraft.

3. Atomicoxygenerosionof carbonbasedorsiliconematerialsmayreleaseinorganicdebrison the
surfaceof thesatellite.

4. Ultravioletlight breaksbondsin carbonbasedmaterialsresultingin theerosionof surfacesandthe
releaseof newmolecularspeciesthatmayredepositon thesatellite.

5. Particlesareoftenassociatedwithoutgassingmaterialswhichmayincreasetheeffectivefootprintof the
particleoncein orbit.

6. Specifictypesof surfacesmayactaslocalcontaminationsinks.

Theseconclusionsarebasedonwork still in progress.Muchmoreinformationcanandshouldbe
gatheredtorefineandto addto theseconclusions.As importantasLDEF is it is still only onedatapoint.
As with anygoodexperimentit providedmanyneededanswersbut it alsogeneratedawholenewsetof
questionsthatcanbestberesolvedbyfutureflight experiments.Manyof theseexperimentsarealready
well into thedesignphaseandsomearecurrentlybeingfabricated.LDEFs importancecannotbeover
estimated.It will providethebenchmarkagainstwhichfutureprogressin theknowledgeof contaminants,
materials,andsystemsin spacewill becompared.
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5. During reentry particles and brittle molecular contaminant films relocate.

6, The shuttle is exposed to the Edwards environment, accumulation of natural dusts.

7, High humidity, high gas flow velocities, thermal and pressure stresses occur.

g. HEPA filter fibers appear on tape lifts after exposure to new filters.

9. Ground operations prior to SAEF-2 include many manipulations to LDEF in complex environments.

10. SAEF-2 exposure.

Figure 1. The Contamination Exposure History of LDEF.
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Figure 2. Position of LDEF in the Shuttle Bay.
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Photograph 1. Sawdust particle from the LDEF longeron surface under the edge of tray D-03.
Transmitted illumination of tapelift using slightly off crossed polarized light at a magnification of

lOOX.

Photograph 2. New and old cellulose fibers of atomic oxygen exposed resin/carbon fiber composit,
M0003, tray D-09. Old fiber has been converted to ash. Incident illumination at a magnification of

150X.
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Photograph 3. Pine pollen after brief orbital exposure on shuttle bay surface. Tapelift collected at
Edwards. Transmitted light at a magnification of 1,500X.

Photograph 4. New pine pollen (yellow) on the surface of tray A-02. Taken in SAEF-2 using Nomarskiillumination at a magnification of 320X.
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• len from the LDEF longeron surface near tray B-09, clamp 6. Tapelift sample
PhotograPh 5. Willow lpo2_o ransmitted illumination at a magnification of 1,100X.

collectea _pm ,-,, - .... T

Photograph 6. Pollen from the surface of the LATS under the space end of LDEF. Tapelift sample

collected March 16, 1990. Transmitted illumination at a magnification of 1,100X.
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Photograph7. Pollenfrom theLDEF longeronsurfaceundertray B-08,clamp4. Tapelift sample
collected April 13, 1990. Transmitted illumination at a magnification of 1,100X.
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QUANTIFICATION OF CONTAMINANTS
ASSOCIATED WITH LDEF*
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Seattle, WA 98124-2499
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SUMMARY

The standard particle size distribution curves of MIL STD 1246B are not representative of particle
distributions found on LDEF. The distribution follows a log/log squared plot but there are far fewer small
particles than would be predicted by the standard curve based on the population of larger particles. By
changing the slope of the distribution curve to about 0.40 rather than the standard curve slope of 0.93 the
LDEF particle distribution is better represented. Using a slope of 0.40 and labeling the curve by its
intercept with the abcissa value of 1 the cleanliness of LDEF is approximately a level 5000. This new
curve intercepts the standard Level 1000 curve at about 250 micrometers and a Level 500 curve at about 50
micrometers. The results of forty-four separate surface particle counts are presented in this paper. They
represent counts made directly from LDEF surfaces as well as the results from tapelifts taken from LDEF
or associated surfaces. Consecutive tapelift samples collected from the exact same locations in the Shuttle
Bay before and after various operations were used to monitor the redistribution of particles during those
events. Based on these studies a significant redistribution of particulate matter occurred during the reentry
and during the ferry flights. Airborne particle counts and particle fallout monitoring in the SAEF-2 clean
room appear to underestimate the particulate contaminant impact on surfaces in SAEF-2. Tapelift samples
of surfaces in SAEF-2 suggest particle fallout rates of non-LDEF materials near LDEF much higher than
those predicted by the particle fallout monitoring samples. The airborne particle counts in SAEF-2
indicated a well controlled environment though pollen grains and other natural airborne particles from
exterior environments were found distributed over the surface of LDEF.

When LDEF was first seen close-up in orbit a brown molecular film was evident over much of its
surface. The amount of molecular film deposited or fixed in place on the surface of LDEF while it was in
orbit is estimated at approximately one pound. This represents approximately 10 to 15% of the material
outgassed from paints, silicones, and other materials present on or in the experiment trays. The amount of
non-volatile residue (NVR) on LDEF when it entered orbit was approximately 2.5 milligrams per square
foot (MIL STD Level C) based on analyses of the remaining residues found under tray clamps. If all of
this film had been converted to a fixed film in orbit it would have represented less than 10% of the
estimated amount of molecular film found on LDEF after recovery.

INTRODUCTION

This paper addresses the quantification of contaminants on the LDEF satellite and associated hardware
or tools. The purpose of this study was to provide a background database for the evaluation of the surface
of LDEF and the effects of orbital exposure on that surface. This study necessarily discusses the change
in the disn'ibution of contaminants on LDEF with time and environmental exposure. Much of this

information may be of value for the improvement of contamination control procedures during ground base

*Work done under NAS 1-18224, Task 12

141



operations. The particulate data represents the results of NASA contractor monitoring as well as the
results of samples collected and analyzed by the authors. The data from the tapelifts collected in the
Shuttle Bay at Edwards and at Kennedy are also presented. The amount of molecular film distributed over

the surface of LDEF is estimated based on measurements made at specific locations and extrapolated over
the surface area of LDEF. Some consideration of the total amount of volatile-condensible materials

available to form the resultant deposit is also presented. All assumptions underlying these estimates are
presented along with the rational for the conclusions. Each section of this paper will be presented in a
subsection for particles and another for molecular films.

Method for the Quantification of Particulate Contaminants

Tapetifts of particles were collected from some LDEF surfaces directly as well as from associated
hardware; the Shuttle Bay, the Transportation Canister, LDEF Active Transport System (LATS), etc.
Numbered kits, each containing specially prepared and numbered microscope slides and a roll of tiffing
tape, were provided to NASA investigators, principal investigators, and other interested parties. The
tapelifts collected by the authors and those returned to us by others for analysis were then processed to

facilitate both qualitative and quantitative analysis. The tape used to collect the particles was 3M "Magic TM

Tape" with the acrylic adhesive. This tape was used because the plastic film can be dissolved with acetone
leaving the particles behind in a thin layer of adhesive. The adhesive has a refractive index of
approximately 1.49. This particle containing film was then mounted in a synthetic resin with a refractive
index of 1.515. The quantitative analysis was performed using an Olympus Corporation "Cue" system
automated image analyzer and transmitted darkfield illumination. One square inch of tape surface was
analyzed which corresponded to one to four square inches of surface area depending on the number of
times the tape had been applied to the surface; multiple lifts with a single piece of tape were often made to
improve the statistical basis of the analysis. The size of each particle was taken as its greatest dimension in
accordance with MIL STD 1246B. The Cue image analysis system was configured with a pixel dimension
of 5.5 micrometers (video resolution limit) using an objective with a resolution limit of about 4
micrometers ( NA = 0.1). Transmitted darkfield illumination tends to cause particles to look larger than
they are by creating a halo of light around the particle. The halo effect is significant for particle images on
the same order of magnitude as the pixel dimension but becomes a small positive bias for larger particles.
This bias was reduced by electronically removing the outermost edge of detected particles (the one pixel
wide halo around the particles) prior to analysis. Darkfield illumination was used because it produces a
bright ring of light around the edge of all particles, transparent or opaque, with the interior being bright for
transparent particles and dark for opaque particles (see Photograph 1). By electronically filling in the ring
and then removing the halo the particles were more accurately imaged for analysis.

The quantification of particles directly from LDEF surface materials was performed in a Class 100 clean
room using an Olympus BH-2 microscope on a boom stand, or a Nikon Optiphot for smaller objects, both
with episcopic darkfield and oblique toplight illumination. These counts were performed manually. A few
of these counts were further subdivided into those particles present at the time LDEF entered orbit, those
that remained fixed in position during reentry and the ferry flight, and those that were present on the
surface at the time of analysis that were new or that were not in a position they had occupied while in orbit.

These detailed counts were made on the assumption that spot shadows indicated the presence of particles
during orbit, particles with shadows beneath them of a similar shape had remained in position since orbit
insertion, and particles not associated with such a shadow had moved or been added to the surface during
recovery or later (see Ref. 1). These manual counts often involved relatively small areas of the surface and
frequently areas very near a tray edge. No single analysis of contaminants on the surface of LDEF can be
considered characteristic of the total surface of LDEF but rather of a specific type of micro-environment
(Ref. 2). The tray edge constituted one such environment, the center of flat ridged panels another, the
longeron surfaces another, etc. The significance of each microenvironment in terms of the dynamics of
contaminants is still being evaluated but the combined data provides a good indication of the range of
variation in surface cleanliness of LDEF and of the relative cleanliness by specific location. Many areas of
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specificinteresthavenotbeenavailablefor analysisbutsimilarsurfacesor astudyof therangeof values
from differentsurfacesshouldbeusefulfor extrapolationto specificcases.

Theresultsof thequantitativeanalyseswereplottedonalog/loggraphalongwith achartof MIL STD
1246B(seeFigures1through3,5, and6). Thecountsmademanuallybeginatparticlesfifty micrometers
or greaterin length. Thosemadeusingimageanalysisbeginattwenty-fivemicrometersthoughthevalue
of totaldetectedparticles,includingthosebelowtwenty-fivemicrometers,is plottedbeginningat theone
micrometerpositionon thegraph.Figure4 illustratestheparticlefallout ratereportedfor theSAEF-2
facility andtheLATS duringthetimebetweenLDEFarrivalin SAEF-2andtheendof LDEF related
activitiesin SAEF-2. Thesecountsarebasedon theparticlesthatwerecollectedonaforty-seven
millimetermembranefilter overaspecifictimeinterval. In SAEF-2thisintervalwasgenerallyfourteen
days.Thevaluesfor theTransportationCanister(Jan30 - Feb1)arebasedonatwo dayintervaland
thosefor thetransportof LDEF to SAEF-2on theLATS (Feb1to Feb6) arefor afive dayinterval.
Figure7 illustratesthehourlyairborneparticlecountasdeterminedby anautomatedparticlecounterfor the
SAEF-2Airlock andtheSAEF-2Highbayfrom thearrivalof LDEFin SAEF-2until theremovalof the
last tray. The data for Figures 4 and 7 was provided by NASA.

Methods for the Quantification of Molecular Films

Brown molecular films were widely dispersed over the surface of LDEF. Some of these f'dms were
quantified by direct measurement of their cross-section. These thicker films occured at vent surfaces
facing the ram direction primarily on the earth and space ends of LDEF but also along the edges of
longerons and tray edges with that orientation. In many areas these films were peeling or curling away
from the surface. The curling was always convex to the surface of LDEF as a result of stresses
accumulated over the thickness of the film. Attempts to flatten the film caused it to break. Samples of
these films were collected and cross-sectioned or optically sectioned to determine their thickness. Optical
sectioning is done by carefully focusing on the top of the film and then focusing through the film to its
lower surface. The distance moved between the two focal planes times the refractive index of the film is
the thickness of the film.

Another technique used is based on the thin film interference colors such as those seen in oil films on
water. The sequence of colors seen is a direct measure of optical thickness which can be converted to
actual thickness by multiplying the optical thickness by the refractive index of the film. The color effects
are due to destructive and constructive interference between the light reflected from the top of the film and
that reflected by the back surface. Film thicknesses of one quarter of a wavelength result in destructive
interference for that wavelength or color with the result that its complimentary color is seen. Differences
of half a wavelength create constructive interference and enhance the brightness of that color. These
effects produce characteristic colors over a range of from about 50 nanometers to about 2000 nanometers
for the films on LDEF. The interference technique is illustrated on the left side of Figure 8. Figure 8 also

provides the film thickness that corresponds to specific colors or sequences of colors based on the
measured refractive index of the film, 1.58. Photograph 2 illustrates the interference colors seen on white
paint (A276) on a comer bracket of tray H-06.

These two techniques were adequate for very thick films, those over about 20 micrometers, that could
be peeled, or those between 0.1 to 2.0 micrometers that generated quantifiable interference colors or
sequences of colors. Thinner films could be detected by very slight discoloration but could not be
quantified reliably. Films on anodized aluminum didn't produce reliable interference colors due to the
effects of the anodized film thickness and irregular surface and the optical complexity of the interface
between the aluminum oxide film of the anodize coating and the molecular film. Films between 2.0 and 20

micrometers were semiquantified by their color saturation (brown intensity). Black or browns that were
unusually dark could not be semi-quantified in this manner because these films had a stronger absorption
coefficient and a broader absorption spectrum than was typical in most of the films. Additional films or
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surfacealterationsof materialsweredetectedbyultravioletlight (seeRef.3, photograph4). Somefilms
couldonly bedetectedbyultravioletlight or by infraredanalysis,havingnovisiblefight image. These
films arenotedbutnoattempthasbeenmadeto quantifythemat thistime. Someof thesefluorescing
films areknownto betheresultof surfacechemicalmodificationsandnotdepositionsof molecular
contaminants.

Evidenceusedto estimatetheamountof pre-launchnon-volatileresidue(NVR) wasof threemain
types. Thefirst wastheanalysisof residuesfoundunderclamps,on shims,andon other'protected'
surfacesof LDEF to determinetheamountandnatureof thedepositsafternearlysixyearsin orbit. The
secondinvolvedestimatesbasedonevaporiticringsaroundboltsor fixtures(Ref. 3,photograph3),
distributionof fingerprints(Photograph3), and'drip'markson thesurfaceof panelsin traysonLDEF.
Thethirdwasbasedonthetendencyfor unpaintedanodizedaluminumsurfacesto collecthydrocarbons.
Nodirecttestsfor surfacecleanliness,particulateor NVR,hadbeenperformedprior to thelaunchof
LDEF. Materialinventories,thedirectmeasurementof paintfilm thicknesses,andtheweightsof silicone
materialscollectedfromsometrayswereusedtoestimatetheamountof volatilesandvolatile/condensable
materialsavailableonLDEF.

Resultsfor theQuantificationof Particles

The particle distribution curves representative of LDEF surfaces do not relate well to the cleanliness
standard curves ofMIL STD 1246B (Ref. 4). The MIL STD 1246B graph of the log of particle
population (abcissa) by the log squared of the particle diameter (ordinate) with a slope of 0.93 is
reasonable for a freshly cleaned surface (Ref. 6) but, as has been reported elsewhere (Ref. 5), the slope of
0.93 used on the standard curves is much too steep for the accumulated debris seen on surfaces exposed to
particle fallout. The actual particle distribution on LDEF follows a log/log squared distribution and can be
well described by its slope on the graph and by the value on the ordinate of its intercept with the abcissa
value of 1. This is the most convenient method of identifying a particle distribution curve and is the
method used to identify the curves used in MIL STD 1246B. The last chart in Figure 3 presents the
standard curves for MIL STD 1246B Level 500 and Level 1000 and the curves with a slope of 0.38 for
level 500, 1000, and 5000, the numerical designation in each case indicating the ordinate value when the
abcissa value is 1. Trying to describe a particle size distribution with a slope other than 0.93 in terms of
the 0.93 curves becomes a listing of the intercepts of the actual distribution curve with standard curves of
various "cleanliness" designations. For example, a surface with a particle distribution having a slope of
0.38 and an ordinate value of 5000 when the abcissa is 1 can be said to meet a MIL STD 1246B Level

I000 for particles less than 250 micrometers in diameter and a Level 500 for particles less than 50
micrometers in diameter. Its actual "cleanliness" becomes rather arbitrary, dependent upon the particle size
considered "relevant". The set of curves on the last graph of Figure 3 will be referenced when discussing
the cleanliness level of LDEF surfaces. Notice that when the log/log squared curves of MIL STD 1246B
are plotted on log/log charts, as in Figure 3, the curves are concave downward. This pattern was typical
of nearly all of the tapelift and surface count data.

The earliest particle samples of an LDEF associated surface were those collected from the Shuttle Bay at
Edwards. Nine tapelifts were collected in the bay at Edwards. The first three were collected shortly after
landing but only the first two were recovered with good spatial relationships and are reported here as "Rt
preOp" and "Lt preOp" (the third sample, collected from the purge duct ,was damaged during sampling).
These samples were collected from the right and left blanket above the purge duct before any payload bay
operations had been initiated. The next set of three lifts at Edwards were collected after the payload bay
operations had been performed and were collected in exactly the same locations as the original lifts. The
last three were collected from different locations as pre-ferry flight references. The sample labeled "Rt
PreFerryl" was collected from the right blanket near the adapter plate. The other sample from the right

side, "Rt PreFerry2", was collected from the lower center of the square one over from the PSA. The final
lift from Edwards is plotted on the OPF chart and is labeled "Lt PreFerry". It was collected from the left
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sideblanketneartheopticaltarget.Thesesamplesall fell betweenlog/logsquaredcurveswith aslopeof
0.38for level5000andlevel 10,000.Usingaslopeof 0.93from MIL STD 1246BtheymettheLevel
1000requirementsfor particles100micrometersin greatestdimensionor smaller,andthoseof aLevel
2000at500micrometersor smaller.

Thesampleswith thehighestcountsfor thissetwerethosecollectedjust beforetheferry flight. These
samplesareconsistentwith theeyewitnessaccountregardingthevisibleairborneparticulatematterin the
ShuttleBayduringsampling.Thefin'sttwolifts collectedtendedto havefewerlargeparticlesthanthelifts
fromthesamelocationtakenlater. This testifiesto theconstantredistributionof particleswithin the
ShuttleBaywhile thepurgesystemwasin operationandtheShuttlewasbeingmoved.Thinaluminum
flakes,theresidueof vapordepositedaluminumonKaptonaftertheKaptonhadbeenremovedbyatomic
oxygen,wasthemostobvious"snow"in theShuttleBaybut thetapelift samplesindicatedtheywerenot
theonly particlesbeingredistributed.Thethreesamplescollectedin theOPFareessentiallyidenticalin
locationto thepreferryflight samplesandagainindicatethecontinuedredistributionof contaminants.The
redistributionof particlesin theShuttleBayseemsto beassociatedwith turbulencein thebay. Low
velocity flow created sufficient turbulence to circulate the vapor deposited aluminum flakes. Higher
velocities were required to redistribute smaller particles and particles with lower effective Reynold's
numbers. The effects of higher velocity airflow erosion of surfaces has been seen in a number of areas on
LDEF and one such case is documented in Reference 1, photograph 15. All samples from the Shuttle Bay
indicate the same basic types of particles and similar particle populations. The particles in the original
tapelifts contained considerable amounts of small vapor deposited aluminum flakes and angular fragments
of etched Kapton. Small yellow spherical ash particles of Kapton were also seen associated with the vapor
deposited aluminum particles and as separate particles. Minerals were common and were identified as
calcite (calcium carbonate), chalcedony (silicon dioxide), emery (aluminum oxide), and a variety of
silicates. Some of these may have been industrial abrasive residues. A variety of glass fibers were found.
Glass fiber from the Shuttle tile and from the bay liner were identified but filter fiber, insulative fiber, and
glass from composite materials was also seen though specific sources have not been identified. Sequential
lifts from the same locations indicated the redistribution of particles with a tendency for a gradual increase
in population with time as the surfaces of LDEF continued to degrade. More fragments of aluminum flake
and of the brown molecular film from LDEF were seen in the later lifts as well as more minerals and
industrial residues not associated with LDEF as a source. These trends continued from the second set of

lifts at Edwards through the set at Kennedy in the OPF.

The next set of samples were collected from the Transportation Canister used to transport LDEF from
the OPF to the O&C building. The control sample count was a bit high but was still an order of magnitude
less than the sample counts. This high particle count on the control is generally indicative of a non-laminar
flow controlled environment and is the result of the static charge on the tape when it is first pulled from the
roll collecting particles before the tape is sealed on the microscope slide. The surface cleanliness of the
canister met a Level 1000 for particles less than 250 micrometers. The curves were consistent with a level
5000 when a slope of 0.38 was used. Most of these particles were from LDEF materials though pine
pollen was first evident in these samples. After moving to the O&C the surfaces were over an order of
magnitude higher in particle count. Most of these additional particles were from LDEF. These samples
were all collected from the floor of the canister, to the side and below LDEF.

LDEF was placed on the LATS in the O&C building. Tapelifts were taken from the LATS after LDEF
was in place and then again after the transport to SAEF-2. Large numbers of pollen grains, cellulose
fibers, and other non-LDEF particles were seen in the first samples though degraded LDEF materials still
were the majority of the population. Once in SAEF-2 the LATS was periodically cleaned. The LATS
tapelift particle population in SAEF-2 reflects 'recent' depositions plus the background to which the LATS
was cleaned. Initially most of the particulate was from LDEF though many other sources were well
represented. By March particulate contaminants from SAEF-2 sources began exceeding those from LDEF
sources on the LATS. This included paper fiber, worn flooring material, natural minerals, pollen and
plant parts, skin, clothing fiber, hair, sawdust, and other materials. The tapelift samples from other areas

in SAEF-2 always tended to be from sources other than LDEF.
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By April 14, 1990 all trays had been removed and a detailed survey had been made of the surface of the
LDEF structure by the Meteorite and Debris Special Investigation Group. At that time the Materials
Special Investigation Group was given access to LDEF to collect tapelift samples directly from the LDEF
structure. All of these samples were collected from the anodized aluminum exterior surface. Samples
were collected from surfaces that were covered by tray clamps and adjacent areas that hadalways been
exposed. A detailed analysis of these samples has not been completed though some of them have been
analyzed for the particle size distribution. The distribution curves were a bit steeper than 0.38 but were
around a level 5000 of that slope. All but one sample fell below a MIL STD Level 1000 for particles
smaller than 250 micrometers.

The average fallout counts reported in Figure 4 would seem to indicate a relatively clean environment in
SAEF-2 as would the airborne particle counts of Figure 7. The results for particles per square foot per
twenty-four hours from the fallout monitoring technique appear to be about an order of magnitude lower
than would be expected based on those seen on actual surfaces. The particle population by size
distribution curve indicated by the fallout monitoring technique suggested a semilog plot (log population
by linear diameter). This indicates a disproportionately low number of larger particles compared to a
log/log or log/log squared distribution. Tapelift results and the direct inspection of LDEF surfaces did not
support the suggestion of a scarcity of large particles in the SAEF-2 environment. The relative absence of
large particles from the fallout monitoring technique used may be a statistical effect of the small area
sampled.

Results of the Quantification of Molecular Films

The presence of molecular films on the surface of LDEF was easily detected by the characteristic brown
discoloration of many surfaces. Reference 3 at the end of this paper is an article on LDEF molecular
contaminants and discusses the detection and qualitative analysis of these films. The discoloration of
surfaces is evident at thicknesses less than those required to produce the flu'st interference color fringe.
The brown layer on the FEP Teflon of tray C-08 is clearly visible before the flu-st red/brown interference
fringe. That ftrst fringe corresponds to a film thickness of approximately 0.1 micrometers (see Figure 8).
The distribution of films on the surface was very complex with vent area deposits often tens of
micrometers to hundreds of micrometers thick, large area deposits on the backs or sides of trays on the
order of micrometers thick, and exterior surfaces with deposits of tens to hundreds of nanometers. There
were also surfaces with no detectable deposited films. These were typically surfaces that were outgassing
non-condensing materials, such as water, or that were chemically attacked and eroded by atomic oxygen.
Numerous individual measurements of film thickness and area of coverage were made for specific trays.
A gust approximation of the total volume of the molecular films on LDEF was made by extrapolating data
from selected trays to the entire surface of LDEF. The molecular film volume dam for these trays projected
onto the face area of the trays (34 by 50 inches) averaged a little under one micrometer in thickness, but
this did not include the thick deposits found on the earth and space ends of LDEF. The projected surface
of LDEF had a combined surface area (inside plus outside surface) of approximately 304 square meters. A
thickness of one micrometer was assumed for the film spread out over the entire surface of LDEF with a
density of 1.68 as measured on fragments of the thicker films. Multiplying the surface area by the film
thickness and density results in a value of 511 grams of material. Considering the nature of this estimate
this value can be represented as approximately one pound.

The interior of LDEF was coated with over 260 square meters of black urethane paint (Z306) at a
thickness of approximately sixty micrometers and a primer coating of approximately twenty micrometers
for a total volume of 0.026 cubic meters or 26,000 cubic centimeters. With a density of about 1.5 grams
per cubic centimeter this amounts to 39,000 grams of paint. Test coupons with this same configuration of
primer and Z306 were tested using the standard Volatile/Condensable Materials (VCM) test procedure.
The painted surface was heated to 125 degrees Celsius and the collector surface was at 25 degree Celsius.

These conditions were maintained for nearly forty-eight hours. The painted surface lost 2.4 percent of its
weight and the collector surface collected 0.4% of the weight of the original paint film. This would
amount to 975 grams of volatile material from the Z306 covered surfaces alone, of which 156 grams
would condense on surfaces at 25 degrees Celsius. Temperatures on LDEF were often significantly lower
than 25 degrees Celsius. Tests to determine the amount of silicones present on LDEF indicate about 6,000
grams on experiment A0178 and at least that much more on other experiments for a total of over 12,000
grams. None of these materials had been baked out so the weight loss in orbit may have been near 5%.
This corresponds to 600 grams of volatile material. If these two materials are assumed to contribute half
of all.of the outgassing products from LDEF then the molecular film on the interior and exterior surfaces of
LDEF constitute approximately 10 to 15% of the outgassed materials available.
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Duringthepreliminaryexaminationof LDEFshortlyafterit arrivedatSAEF-2anumberof areaswere
foundthatindicatedthepresenceof non-volatilehydrocarbonsor siliconespriorto orbitalexposureas
mentionedearlierin thispaper.Subsequentanalysesin thelaboratoryof thebacksurfacesof clampsand
shimsindicatedthatsomeof themcontainedresidurdhydrocarbons,silicones,or combinationsof thetwo
thatwerethickenoughto generatesuitableinfraredspectradirectlyfromtheir surfaceevenafternearlysix
yearsin orbit. Suchspectrarequiredapathlengthon theorderof amicrometerthick(seeFigure8).
Consideringtheareaof coveragefor someof thethickerdepositsandthattheareasprovidingno suitable
spectraalsocontainedsomebackgroundlevelof non-volatileresidueanaveragefilm thicknessof about
0.025micrometerswouldseemto beareasonableestimate.This value,assumingadensityfor thefilm of
onegTampercubiccentimeter,wouldequateto aMIL STD 1246BNVR LevelC. This amountof NVR
wouldaccountfor a totalweightof about25gramsif it hadall beenconvertedto brownfilm andbeen
fixed in place.This is anorderof magnitudelessthantheestimatedweightof thefilm depositedon the
surfaceof LDEFwhile in orbit.

CONCLUSION

Basedontberesultsoftheanalysescompletedtodateandfirstapproximationvaluesforoutgassmg
matemalsandfilmsthefollowingconclusionscanbepresented:

IndiscussingthecleanlinesslevelsofLDEF surfaces slopes other than the standard MIL STD
1246B slope of 0.93 are more useful. Slopes between 0.4 and 0.6 seem to be most useful.

Using a modified slope of approximately 0.4 the surface of LDEF corresponds to approximately a
level 5000. This corresponds to a MIL STD 12¢6B Level 1000 or less for parncles smaller than
250 micrometers and a Level 500 for pamcles smaller than 50 micromemrs.

The number of particles on some LDEF surfaces increased by nearly an order of magnitud_ from
orbital values to those measured aftra" removal from SAEF-2.

For many surfaces of LDEF the particle count remained, reasonably constant though the types of
panacles and their sources changed.

Redistribution of particles during purging operations and the ferry flight was indicated by repeated
tapelLft analysis of the same locations before and after these operations.

The d_posited molecular films amounted to approximately one pound of material.

Materials inmntionally used on LDEF accounted for nearly all of the contaminating film found after
recovery of the satellite. Based on outgassing estimates the molecular fdms on LDEF represent 10
to 15% of the ougassed materials available.

Non-volanle residues (NVR) present as contaminants on the surface of LDEF at launch are
estamateA at about 2.5 milligrams per square foot of surface, M.IL STD t246B Level C. Th_
wo_d account for less than i0% of the total ck:posited contammaang fiLm found on LADEFa_:r
recovery ff'om orbit.
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Data from "LDEF SURFACE COUNTS"
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Figure 5: Particle counts directly from LDEF surfaces; total counts and counts for particles present in
orbit.

Data from "LDEF SURFACE COUNTS"
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Figure 6: Detailed count of particles near the edge of tray A-02 by particle history; the total number of
particles present at the time of analysis, the number of particles present while in orbit, the number of
particles present in orbit that moved during recovery, and the number present in orbit that were still
present following recovery and SAEF-2 exposure.
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Figure 7: Hourly automatic airborne particle counts for the SAEF-2 airlock and highbay from LDEF
arrival to the removal of the last experiment tray.
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Figure8: Quantification ofmolecularfilms _y interference colorandthe calculadon ofthe total film
weight.

(See color photograph, p. 597.)
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Photograph1: Processingof the imagefor automatedimageanalysisparticlecounts
Frame1: Transmittedbrightfield,off crossedpolarizingfilter illumination.
Frame2: Darkfieldilluminationimage.
Frame3: Computerdetecteddarkfieldimage.
Frame4: Finalfield with particlesimagedasanalyzed.

Photograph2: Interferencecolorsindicating
thethicknessof thebrownf'dmon trayH-06.

(Seecolor photograph,p. 598.)
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Photograph3: Fingerprintresidue, tray B-04,

clamp 2.

ORIGINAL P,'L3,E

BLACK AND WHITE PHOTOGRAPH



N92-23289

MOLECULAR FILMS ASSOCIATED WITH LDEF*

E. R. Crutcher and K. J. Warner

Boeing Defense and Space Group
Seattle, WA 98124-2499

Phone: 206/773-7002, Fax: 206/773-1473

SUMMARY

The molecular films deposited on the surface of LDEF originated from the paints and RTV silicone
materials intentionally used on the satellite and not from residual contaminants. The high silicone content
of most of the films and the uniformity of the films indicates an homogenization process in the molecular

deposition and suggests a chemically most favored composition for the final film. The deposition on
interior surfaces and vents indicated multiple bounce trajectories or repeated deposition-reemission cycles.
Exterior surface deposits indicated a significant return flux. Ultraviolet light exposure was required to fix
the deposited film as is indicated by the distribution of the films on interior surfaces and the thickness of
films at the vent locations. Thermal conditions at the time of exposure to ultraviolet light seems to be an
important factor in the thickness of the deposit. Sunrise facing (ram direction) surfaces always had the
thicker film. These were the coldest surfaces at the time of their exposure to ultraviolet light. The films
have a layered structure suggesting cyclic deposition. As many as 34 distinct layers have been seen in the
films. The cyclic nature of the deposition and the chemical uniformity of the film one layer to the next
suggest an early deposition of the films though there is evidence for the deposition of molecular films
throughout the nearly six year exposure of the satellite. A final 'spray' of an organic material associated
with water soluble salts occurred very late in the mission. This may have been the result of one of the
shuttle dump activities.

INTRODUCTION

This paper provides a spectrographic and photographic summary of the molecular films created in orbit
along with the spectra of suspected source materials. Over four hundred infrared spectra have been
collected from different areas of LDEF and compared to specific source materials. Twenty spectra are
presented here. The molecular films on LDEF resisted solvents very well. Alcohol wipes of the films and
even those using more aggressive solvents generally failed to remove the film for analysis. All of the data
presented here is the result of direct analysis of the deposit in place on the LDEF substrate material or was
mechanically removed by scraping the surface. Extraction performed under the microscope using a variety
of solvents confh'med the film's resistance to solvent collection.

The distribution of the film is shown in this paper as it appeared after recovery and evidence is presented
for a greater distribution of the brown film earlier in the orbital exposure of LDEF. Evidence is also
provided suggesting the contribution of different source materials to the total deposit. The instruments
used and associated analytical procedures have been presented previously (Ref. 1).

*Work done under NAS 1-18224, Task 12
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COMI_SITION OFLDEFMOLECULARFILMS

Thediscolorationof theLDEF surfacewasone of the earliest observations made. The discoloration

was expected but the extent of the coverage was a bit surprizing. Some of the films were so thick that they
were peeling from surfaces as large flakes. In other areas the films were very thin but as a result of their
dark color were still quite evident. Typical brown f'tim spectra is shown in Figures 1 and 2. These are
spectra from the earth end and space end of LDEF respectively. Both are from openings in the satellite
surface that vent the interior of the satellite and from sides of the vent that faced in the ram direction, the

direction of travel. The principle absorption bands are essentially the same. The broad band between
3200 and 3600 wave numbers corresponds to O-H and N-H groups. Nitrogen containing groups in the
film have been confirmed by micro-chemical tests and by electron beam elemental analysis. Most of the
peak is due to the presence of the O-H group. Some of the O-H present may be the effect of hydration
following recovery. The C-H stretch at about 2960 is evident in both spectra as is a distinct carbonyl at
1710 and 1630. The region below this is a bit more complex due to the similarity of the absorption region
of urethanes from the paints used (Figures 3 and 4), those of the silicones used on LDEF (Figure 5), and
the organo-phosphates used in materials on some trays (Figure 6). For the space end film about 45% of
the weight of the film was recovered after ashing as a transparent, colorless, film of silicon dioxide. This
would correspond to a weight percent of 21% silicon in the film tested.

Tray C-12 was a special case. When LDEF was first rotated in SAEF-2 a liquid began running from
this tray. The spectrum of the liquid (Figure 7) essentially matched that of the triocyl phosphate used as a
fire retardant material in the plastic insulation around the fiber optic bundles on that tray (Figure 6). The
brown film around tray C-12 contained very little silicones as is indicated by the absence of the peak near
800 wave numbers in this spectrum (Figure 8).

Tray H-06, being on the space end, had a complex exposure with the trailing side of the tray being
exposed to atomic oxygen (AO) and the leading side of the tray being shielded. The fluence of AO has not
been estimated for the microenvironments of tray H-06 but in the AO exposed area the patches of brown
film persisted (Photograph 1). The film was analyzed in three layers. The top layer spectra is shown in
Figure 9 and is dominated by the silica absorption band at 1060. The broad band around 3200 to 3600
wave numbers is probably due to moisture absorbed since recovery. Some carbonyl is also present.
Beneath that layer the silicone pattern becomes more evident, the carbonyl peaks become more defined and
larger and the O-H/N-H band becomes more pronounced, again probably due to hydration (Figure 10).
The C-H absorption peak is absent or so small that it is lost in the broad water absorption band. Still
lower the silicones disappear and the characteristic white urethane paint pattern is seen (Figure 11). Figure
12 shows the spectra of brown film in tray H-06 facing the trailing direction. The brown film here appears
to be a UV exposed modification of the A276 white paint with very little deposited silicones, based on the
intensity of the peak at 800 wave numbers. The strong absorption around 700 and below is due to the
pigment of the paint. A more typical brown film pattem was collected from the head of bolt A on clamp 12
of tray H-06 (Figure 13). Photograph 2 illustrates the deposition of the brown film in the opposite comer
of tray H-06 and shows the small circular deposits associated with each wire tie wrap. Figure 14 shows
the infrared spectrum of these deposits. They had essentially no silicones and were dominated by the C-H
absorption band. Photograph 3 shows the appearance of this area of tray H-06 under visible light
illumination and ultraviolet light illumination. Ultraviolet light illumination was found to often make
visible patterns not visible with normal illumination. Ultraviolet light was never used until all initial

spectra had been collected to minimize induced changes in the films.

The thickest brown films always formed on vents from the interior on the side facing into the ram
direction. Figure 15 is an example from tray F-06. Notice that this spectrum is very similar to that in
Figures 1 and 2. A yellow deposit on the front of tray E-02, clamp 6 had a pattern that was quite diferent

than the typical brown film (Figure 16). No precursor of this deposit has been found at this time.
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Thebacksof thetrayclampsandshimswereexaminedtoevaluatethetypesof molecularfilm
contaminantsthatwerelaunchedwithLDEF. Thematerialon thebacksurfaceof trayE-06,clamp1hada
largesiliconecomponent(Figure17). Closerto theedgeof theclampthehydrocarboncomponent
increased(Figure18)until attheedgeof theclampthepatternhadbecomeverysimilarto thetypical
brownfilm pattern(Figure19).

Anotherinterestingspectrumwasshownby brownspotsfoundonanumberof surfaces(Figure20).
Thesebrownspotswereoftenassociatedwith avarietyof particulatematter,paintspheres,wearmetals,
fibers,andotherdebris(Photograph5)anda significantconcentrationof sodiumchloride,potassium
chloride,andotherwatersolublesalts.Thesematerialswerealsofoundon leadingedgetraysindicating
theywerenotpresentduringthenearlysixyearsLDEFwasin orbit. Thesemaybetheresidueof waste
dumpsmadeaftertheretrievalof LDEF bytheshuttle.

Photograph6 showsahandprintin thebottomof trayF-06. Thehandprintis lighter thanthe
surroundingareaindicatingtheprint actedasanultravioletlight filter orasasacrificialsurfacelayer
reducingtheeffecton thepaintvehicleunderneathor it representedanareaof positivepressurepreventing
thedepositionof brownmolecularfilm. Fingerprintsinotherareaswereseento becomedarkbrownor
blackbut thiswasalwaysonmetalsurfacesratherthanpaint. Similar "lightening"effectswereseenon
othertrayssuchasthepre-flight scuffpatternsseenin thebrowndepositsin Photographs1and2.

Thebrownfilm wasdepositedin layers.As manyas34distinctlayershavebeencountedin asingle
depositedfilm. Photograph7 showssuchapieceof film from acomerventof trayC-12. Theselayers
suggestacyclic deposition.Themostobviouscycliceventisanorbit but thiswouldindicatethatthese
solventinsoluble,polymerizedfilms formandbecomestablewithoneorbit. Manyothercyclesexistof
muchlongerdurationbut it is difficult toconceiveof aslowsteadyreleaserate maintaining the same
proportion of functional groups from multiple sources that would persist over years in orbit to deposit
these layered films. These films do not change significantly from layer to layer which would also suggest
an early release and deposition. There is some evidence on the canister trays that suggest later deposition
of materials. This evidence is still being evaluated.

On the leading edge trays there was often little evidence of deposition by discoloration. Elemental
analysis of the surface in many areas did indicate silicate films, presumably the remnant of the
hydrocarbon/silicone film after reacting with atomic oxygen. Figure 21 is the infrared spectrum of one of
these films on clamp 4 of tray F-09. Figure 22 shows the elemental mapping of this "shadow" seen next
to bolt A of clamp 4 on tray F-09. The aluminum map shows the bare aluminum exposed under the
washer and the aluminum in the anodized surface of the clamp. The oxygen map illustrates the distribution
of oxides. In the area of the weaker aluminum signal the silicon map illustrates a concentration of silicon.
This is a silicon dioxide film over the anodized aluminum. Photograph 8 shows the LDEF structure with
the trays removed and a slight discoloration in the exposed area of the structure associated with the
presence of the silica film compared to the areas covered by the tray edges and tray clamps. This is in
contrast to the obvious dark film seen on the trailing structure clearly delineating the position of the tray
edges and clamps (Photograph 9).

DISTRIBUTION OF THE MOLECULAR FILMS

The distribution of molecular films on LDEF was one of the most obvious features of its orbital

exposure. All exterior trailing surfaces and surfaces shielded from atomic oxygen on LDEF exhibited a
brown discoloration. Those surfaces that faced into the atomic oxygen were bleached white or were
mottled in shades of pastel green and red as a result of thin film interference effects on the surface of
aluminum panels. The whites of the painted surfaces were not bright but tended toward the gray as a
result of the formation of color centers in the rutile pigment that absorbed the visible wavelengths of light.
When LDEF was finally back at Kennedy the distribution of the color effects could be studied in more and
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closerdetail. Thegrayof thewhitepaintpigmentdisappearedquicklybackonearthbut thebrown
discolorationandthediscolorationcausedby thin film effectspersisted.In areasassociatedwith the
ventingof theinteriorof thesatellitethickbrownfilms haddeveloped,someof whichwereafew hundred
micrometersthickandwerepeelingfromthesurfaceonwhichtheyhadbeendeposited.Whentheinside
of LDEF wasopenedfor viewingby theremovalof experimenttraysmolecularfilms depositionpatterns
wereseenoninterior surfaces.Circularpatterns,sharpsilhouettesof interiorstructures,andbroadlinear
areasof discolorationwereevident.

Theonecommonthreadin all of thesedepositswastheexposureto ultravioletlight. Theexterior
surfacewasbathedin ultravioletlight everyorbit. Theinteriorwasaregionof sharpshadowsand
rasteringbeamscut shortby thegeometryof LDEF'sstructure.Twoconditionsfor the creation of these
durable brown films were the presence of a condensed material suitable for polymerization and ultraviolet
light to polymerize the f'dm.

The ram direction always exhibited the thickest films. There are two attributes characteristic of the ram
direction. The fwst is that the ram direction always received ultraviolet light exposure before any adjacent
surface that faced in the trailing direction. The earth end ram surfaces were exposed as the satellite came
from the shadow of the earth. The second attribute is that the surfaces facing the ram direction always
received more exposure to the effects of atomic oxygen than the surfaces facing the trailing direction. The
temperature of the satellite is at its lowest when it leaves the shadow of the earth. The cool surfaces are
relatively good collectors (high sticking coefficient) for condensible molecular materials. As a result the
ram facing surfaces are still cool when they are first exposed to the ultraviolet light from the sun. As the
ultraviolet light polymerizes the exposed film the sun's light warms the satellite and the condensed
molecular materials not polymerized become more mobile. By the time the trailing surfaces receive
ultraviolet light they have warmed considerably and lost much of the condensed film.

The source materials for this film were everywhere on the interior and vented outward through every
available vent as can be seen by the wide distribution of the films. The urethane paint was literally on
every interior surface and the silicone materials were widely distributed about the interior on experiment
A0178 (see Ref. 2, figure 2). Vent paths from the interior were often tortuous due to the depth of some of
the trays and the dimensions of the longeron and brace I-beams. Most exiting molecules encountered a
number of surfaces before exiting the satellite and being available for redeposition as part of the return
flux. The heaviest return flux should have been on the surfaces facing the ram direction (Ref. 3). That

may have been but the ram directed surfaces have been scoured of thin hydrocarbon films by the atomic
oxygen exposure. Silica films would be expected to be present if a film had first been deposited and then
burned away but the presence of silica is not as uniform in distribution as the brown film seen deposited
on the trailing edge surfaces (compare Figure 22 and Photograph 9). The way surfaces facing in the
trailing direction and exposed to return flux only have films of less than 100 nanometers in thickness.
These f'dms also exhibit a directionality that may be related to the nearest corner vent of the tray. This
directional dependency is independent of the ram direction and may help explain the distribution of silica
films found on the ram facing ways. In Figure 22 the silica is on the side of the bolt toward the space end
cover panel. The space end cover panel directed venting materials toward this clamp (tray F-09, clamp 4)
and its bolts. The heaviest deposits of silica extend from the edge of the washer toward the edge of the
clamp toward the space end panel. In the areas of the clamp where there was no bolt the silica
concentration is on the order of the background for the aluminum clamp. The presence of the bolt
enhanced the concentration of the film between the source and the bolt. These examples indicate that much
of the return flux was not redirected by 180 degrees but rather by less than 90 degrees as a result of
configurational geometries that tended to direct escaping molecules at relatively low angles over the surface
of the satellite.

158



CONCLUSION

1. Thefilms consistedprimarily of modifiedoutgassingproductsof the RTV silicone materials used and
the urethane paints.

2. Fixation of the deposit was dependent on ultraviolet exposure and possibly a low level of atomic
oxygen exposure.

3. The f'dms were deposited cyclically with up to 34 layers being counted in a single fragment of film.

4. Local sources of outgassing material contributed to local films.

5. On the leading rows the f'flms were converted to silicon dioxide type films or were removed by the
attack of atomic oxygen on carbon based substrates.

6. Organic materials were deposited on LDEF after retrieval that had a high hydrocarbon content and were
associated with potassium and sodium chlorides.
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Figure 1: Brown film from longeron exposure at tray G-12 facing ram direction.

/

\t

EARTH END FRAME BROWN FiLM

Figure 2: Brown film from longeron 13, space end, exposure facing ram direction.
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Figure 3: Black paint from back surface of tray F-06.
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Figure 4: White paint from beneath bolt, interior of tray H-06.
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Figure 5:
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Silicone adhesive used to attach velcro tape to back of Silver/Teflori Blankets, tray F-02.
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Figure 6: Trioctyl phosphate standard spectrum.
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Figure7:
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TRAY C 12 LIQUIO DEPOSIT

Tray C-12, liquid collected on glass fiber paper during deintegration.
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Figure 8: Tray C-12, brown film from comer vent.
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Figure 9: Troy H-06, top layer of AO exposed brown film.
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Figure 10: Tray H-06, middle layer of AO exposed brown film.
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Figure 11:
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Tray H-06, bottom deposit (paint surface) of AO exposed brown film.
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Figure 12: Tray H-06, brown deposit on trailing exposure.
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Figure 13: Tray H-06, clamp12, bolt A.
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TRAY H 06 DEPOSIT UNDER WIRE TIE

Figure 14: Tray H-06, deposit beneath wire tie wrap.
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Figure 15: Tray F-06, comer vent deposit fitcing ram exposure.
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Figure 16: Tray E-02, clamp 3, yellow deposit.
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Figure 17: Tray E-06, clamp 1, deposit between clamp and shim at center.
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Figure 18: Tray E-06, clamp 1, deposit between clamp and shim near edge of clamp.
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Figure 19: Tray E-06, clamp 1, deposit on beveled edge of clamp.
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Figure 20: Tray F-09, clamp 8, brown spot.
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Tray F-09, clamp 4, surface with change in interference color.
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Figure 22: Tray F-09, clamp 4, elemental map of area with different interference color.

(Original figure not available at time of publication.)
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Photograph 1:
Tray H-06, brown deposit in AO exposed corner.

(See color photograph, p.599.)

Photograph 2:
Tray H-06, brown deposit and tie wrap deposit in other corner.

(See color photograph, p. 599.)

172

ORIC !' _',_',L PAGZ

BLACK AND WHITE P,qOTOG_C.Aph



Photograph 3: Tray H-06, visible and UV illumination view of the tie wrap deposit.

Photograph 4: Tray F-06, back of bottom panel showing shadow only visible with UV illumination.
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Photograph5:
TrayF-02,clamp6, browndropletdeposit.

(Seecolor photograph,p.600.)
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Photograph 6: Tray F-06, handprint on bottom panel.
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Photograph7: Tray C-12,layeredbrownfilm.

(Seecolor photograph,p. 600.)
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LDEF Leading edge (ram direction)

Photograph 8: Leading edge view of LDEF structure.
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NVR stain LDEF trailing edge Earth end

Photograph 9: Trailing edge view of LDEF structure.
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ORGANIC CONTAMINATION OF LDEF

Qal¢ A. Harvey
NASA Langley Research Center

Hampton, VA 23665-5225
Phone: 804-864-6742, Fax: 804-864-7790

N92-23290

SUMMARY

A brown stain of varying thickness was present on most of the exterior surface of the retrieved
LDEF. Tape lifts of Earth-end LDEF surfaces taken in February 1990 showed that the surface particle
cleanliness immediately after retrieval was very good, but faint footprints of the tape strips on the
tested surfaces indicated a very faint film was removed by the tape. Solvent wipes of these surfaces
showed that the stain was not amenable to standard organic solvent removal. Infrared spectra of

optical windows from tray E5 and scrapings indicate that the film is primarily of organic composition,
but is not similar to the oil that seeped from tray C12. Very dark and heavy deposits of the stain are
present at openings and vents to the interior of LDEF. Heavy brown and blue-green deposits are
present in the interior of LDEF where sunlight penetrated through cracks and vent openings.
Photographs of the deintegrated LDEF graphically show the stain distribution.

The exterior of LDEF had significant areas painted with a white polyurethane paint for thermal
control, and almost all of the interior was painted with a black polyurethane paint for thermal control.
The brown staining of LDEF is consistent with long-term outgassing of hydrocarbons from these
paints followed by rapid solar-ultraviolet-induced polymerization of the outgassed hydrocarbons when
the outgassed molecules stuck to surfaces exposed to sunlight.

INTRODUCTION

The Langley Research Center developed and manages the Halogen Occultation Experiment
(HALOE, ref. 1) to measure stratospheric ozone chemistry on a global basis. The HALOE instrument
is a mid-infrared optical instrument which is sensitive to organic film on optical surfaces because the
two spectral bandpasses for measurement of HCL and CH4 include the 3.41.t hydrocarbon absorption

band (ref. 2). The HALOE contamination control program makes extensive use of high-resolution-in-

transmission Fourier Transform Infrared (FTIR) spectroscopy of the 3.41a band to monitor HALOE

organic cleanliness (ref. 3). The HALOE measurement-of-organic-film techniques have been applied

to the retrieved LDEF.

TAPE LIFT DATA

Taking of tape lifts is an established procedure for measuring surface particle cleanliness. Particle

cleanliness is related to MIL-STD-1246B (ref. 4) which gives the particle cleanliness level, CL, which

is a standard method of specifying particle cleanliness. Specific descriptions of particles and their size

distributions are used to evaluate sources of particle contamination and to evaluate cleaning procedures.

PI_ECEDING PAGE BLANK NOT FILMED
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Theprocedureconsistsof preparing tape-lift kits, taking tape lifts of a test surface, and reading the tape

lift strips in a clean environment.

Sixteen tape lifts of removed LDEF Flight hardware and surfaces in the SAEF 2 clean room were

taken on February 14, 1990. The cleanliness levels are plotted in Figure 1. The particle cleanliness

level of the retrieved LDEF end panels as seen in Figure 1 was better than 300, which is quite clean.

However, observers of the tape lift operation noticed faint "footprints" of the contact area of the tape

strips were visible on the tested LDEF surfaces indicating a faint film was removed by the tape.

Subsequent tape lifts indicated the surface cleanliness rapidly deteriorated with deintegration activities.

SOLVENT WIPE DATA

Extracted clean room wipes (ref. 5) were used extensively in the cleanliness certification of

thermal-vacuum chambers used for testing the HALOE instrument. The procedure is to wet the test

surface with a cleaning solvent (ie spectroscopic grade isopropyl alcohol) which will allow transfer of

some of the organic film (typically about 75 percent) to an extracted cleanroom wipe. The wipe is air

dried at the field site, bagged, and transported to an analytical lab. The cleanroom wipe is soaked in a

high purity transfer solvent at the lab, and the organic contamination is then extracted and transferred to

an IR window for weighing and FTIR spectroscopy. The surface concentration factor from wipe to IR

window is 1,000. The 3.414 spectrum of an isopropyl alcohol wipe of 1 square foot of an LDEF

Earthend thermal control panel is present in Figure 2 along with the spectrum of a control wipe. The

LDEF Earthend thermal control panel wipe had about twice the NVR as the control wipe. That is, the

thermal control panel had about 0.06 mg/ft 2 of organic film that would dissolve in isopropyl alcohol.

ABSORPTION SPECTRA OF E5 OPTICAL WINDOWS

Experiment S0050-1 contained several infrared transmitting windows. These optical windows
were in a 1/6 compartment of tray E5 which was covered with a 50 percent transmitting/50 percent
blocking sunscreen. The inside surface of the sunscreen was painted with Chemglaz Z306 black paint
for thermal control.

A 3.41.t spectrum of the CaF2 window flown on LDEF is presented as Figure 3. Similar CaF2

windows are used extensively in the I/ALOE contamination control program (ref. 6) and a large data
base of organic films on CaF2 windows exists at LaRC. The 3.4gt absorption on the LDEF window is

about 7 percent.

An estimate of the organic film mass per square foot can be obtained by ratioing the NVR mass

with 7 percent absorption on an IR window/weighing pan of small area (0.08 in 2) to 1 square foot of
area. Numerous measurements of organic film show 0.1 mg of organic residue on a

0.08 in 2 of CaF2 corresponds to 7 percent absorption at 3.4gt. Thus, a calculated mass/ft 2 of organic

film on the LDEF window is:
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144in2 x 0.1mg = 180mg/ft 2

1 ft-2 0.8 in 2

This is a lot of organic film. One mg/ft2 or less of organic film is the standard cleanliness level "A"
typically required of contamination sensitive flight hardware.

The visual discoloration of this film can be seen in a photograph of a film-bracket-covered area and
uncovered area in tray E5, shown in Figure 4.

ABSORPTION SPECTRA OF SEEPAGE FROM TRAY C12

Tray C12 of LDEF was observed to be leaking fluid several days after LDEF was moved to
SAEF 2 for deintegration. This tray had heavy deposits at the edges of the tray cover, ranging from
yellow-brown stains to a black layer of deposited material. The interior contained runs of fluid along
the walls and a wet band about 6 cm wide by 60 cm long on the bottom of the tray against one end.
Fluid from one of the runs was contact transferred to a clean CaF2 window. The 3.4p. spectra of this

fluid is presented as Figure 5. The great strength of the methel stretch at 2860 cm -1 and 2960 cm -1

shows that the hydrocarbon composition of this fluid is much different than the hydrocarbon
composition of the contamination of Tray E5.

EXTERIOR PHOTOGRAPHS

Visual inspection of the deintegrated LDEF in April of 1990 clearly revealed several characteristics
of the organic stain on LDEF. Figures 6 and 7 show the stain on the trailing edge (row 3) of LDEF.
Figures 8 and 9 show a much fainter stain on the leading edge (ram direction=row 9) of LDEF. But
Figures 10, 11, 12, and 13 show the heaviest deposits on end plates surface near vents from the
interior. At these locations the deposits were so heavy they were curling off the rough milled surfaces
of the end plates. It is concluded that the stain at one time was greatest on all leading edges, but that
the direct ram surfaces were effectively cleaned by atomic oxygen during the later months in orbit.
Figure 14 shows light NVR on the trailing edge of an end plate.

INTERIOR PHOTOGRAPHS

Brown stains were present on unpainted diagonal braces behind cracks between two sections of
micrometeoroid panels (Figure 15). Brown stains were also present on unpainted end braces. Dark
blue and blue-green deposits were present on interior surfaces facing the ram direction where sunlight
was incident through cracks or vent holes. Figure 16 and 16a show the undeposited shadow of a
fastener surrounded by a blue-green deposit. A blue deposit is shown in Figure 17 with a rail clip and
its shadow. The deposit behind a 3/4" x 3/4" tray comer vent hole is shown in Figure 18. These
deposits could be scraped off to uncover the black thermal-control paint underneath.

These photographs demonstrate that the organic stain was polymerized by sunlight and that the
heaviest deposits were on the ram side.
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OUTGASSINGMEASUREMENTSOFTHE THERMAL CONTROLPAINTS

Threeindependentmeasurementsof outgassingof theblackthermalcontrolpaint(Z306)usedon
LDEFweremadeatLaRCfollowing theretrievalof LDEF. Exposuresin avacuumovengave

0.1percentmasslossafter 1weekat 24° C;
1.4percentmasslossafter 1weekat60° C;

and23.0percentmasslossafter16hoursat 177° C.
The16hoursat 177° C wouldcorrespondto6 yearsat ambient(25° C) temperatureif the10° Crisein
temperatureproducesadoublingof outgassingruleapplied.

High resolutionFTIR spectra (Figures 19 and 20) of Z306 heated in an evacuated gas cell show
considerable CO2 and CO, and some CH4 and H20 outgassing during the first few hours at

approximately 120 ° C. Heavier hydrocarbon absorption is also present at 2960 cm-1 (CH3 stretch) in

Figure 21. The mass loss during heating was 2.8 percent. A brown film coated the gas cell walls after
heating of the 16 mg paint sample. Also shown in Figure 20 is a spectrum of scraped film from an
LDEF end plate. The 3.4g spectrum of the end plate scraping is almost identical to the gas cell film,
but very unlike the spectrum from Tray E5 (Figure 3) and Tray Cl2 (Figure 5). The LDEF end plate

scraping has 2 gm/ft 2 of mass per unit area.

Time-sequence FTIR spectra were obtained of outgassing of the white Chemglaz paint (A276) in
an evacuated gas cell heated to 115°C. Spectra were obtained after 5, 10, 25, 40, 65, and 155 minutes

of heating. Spectra of the unheated cell were also obtained 1 and 2 days later. These spectra are
presented in figures 21-24. The 3.4 m absorption is the same as that of Chemglaz Z306. This
absorption is the strongest feature in the 5 minute spectrum, but is surpassed in strength by CO2 after

25 minutes of heating at 115°C. The mass loss after 155 minutes at 115°C was 2.7 percent.

Atomic mass spectra (figure 25) of outgassing at room temperature from a 5 month cured sample
of Chemglaz Z306 was obtained with a residual gas analyser. A mass fragment of 113 amu is the
most abundant paint outgassing heavy-mass-fragment. Additional mass-spectral data are reported in
references 6 and 7.

CONCLUSIONS

The major conclusions drawn from studies of LDEF relating to organic film contamination are:

, The primary source of the ubiquitous brown stain was outgassing of the black thermal control
paint (Chemglaz Z306). The stain is a different hydrocarbon composition at the vent openings
than on tray surfaces.

2. The paint outgassing and redeposition was temperature driven and retention on surfaces was
strongly affected by solar ultraviolet induced polymerization of outgassed molecules.

3. Atomic oxygen severely eroded the stain on the leading edge (row 9) late in the mission.
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Figure 4. NVR stain in Tray E5.
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Figure 5. 3.4 p spectrum of NVR from Tray C12.
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Figure 6. NVR on Earth-end Row 3.

Figure 7. NVR on Space-end Row 3.
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Figure 8. NVR on Earth-end Row 9.
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Figure 9. NVR on Space-end Row 9.

ORIGINAL PAGE

8LACK AND WHITE PHOTOgRApH



Figure 10. NVR on Space-end intercostal.

Figure 11. Peeling NVR on Earth-end plate.
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Figure 12. Peeling NVR on Space-end plate.
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Figure 13.
NVR on Space-end plate (ram direction).

ORIGINAL PAGE

_LACK AND WHITE PHOTOGRAPH



Figure 14. NVR on Space-end plate (trailing edge).

Figure 15. Diagonal brace with NVR stain.
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Figure 16. Earth-end interior fastener.

Figure 16a. NVR around interior fastener.
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Figure 17. Blue NVR at cable clamp.

Figure 18.
NVR behind tray-corner hole.
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Figure 20. 3.4 I_ outgassing of Chemglaz Z306 and LDEF scraping.
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SUMMARY OF IONIZING RADIATION ANALYSIS

ON THE LONG DURATION EXPOSURE FACILITY

N92-23291
T. A. Parnell

NASA Marshall Space Flight Center, AL 35812
Phone: 205/544-7690, FAX: 205/544-7754

ABSTRACT

The ionizing radiation measurements flown on the LDEF were contained in 15 experiments

which utilized passive detectors to pursue objectives in astrophysics and to measure the radiation envi-

ronment and dosimetric quantities. The spacecraft structure became sufficiently radioactive to permit

additional important studies. The induced activity allows extensive radiation mapping in the structure,

an independent comparison with experiment dosimetric techniques, and significant studies of secondary

effects. The long exposure time, attitude stability, and number and types of measurements produced a

unique and critical set of data for low Earth orbit that will not be duplicated for more than a decade. The

data allows an unprecedented test, and improvement if required, of models of the radiation environment

and the radiation transport methods that are used to calculate the internal radiation and its effects in

spacecraft. Results of measurements in the experiments, as well as from radioactivity in the structure,

have clearly shown effects from the directional properties of the radiation environment, and progress has

been made in the dosimetric mapping of LDEF. These measurements have already influenced some

Space Station Freedom design requirements. Preliminary results from experiments, reported at this

symposium and in earlier papers, show that the 5.8 years exposure considerably enhanced the scientific

retum of the radiation measurements. The early results give confidence that the experiments will make

significant advances in the knowledge of ultraheavy cosmic rays, anomalous cosmic rays, and heavy

ions trapped in the radiation belts. Unexpected phenomena have been observed, which require explana-

tion. These include stopping iron group ions between the energy ranges anticipated for anomalous and

galactic cosmic rays in the LDEF orbit. A surprising concentration of the 7Be nuclide was discovered on
the "front" surface of LDEF, apparently transported up from the stratosphere with exceptional efficiency.

LDEF will clearly be a landmark mission in astrophysics and in the study of the radiation environment in
LEO.

INTRODUCTION

The Long Duration Exposure Facility (LDEF) carried 9 experiments designed to study particular

aspects of the ionizing radiation encountered during the mission. Six more experiments included detec-

tors for radiation monitoring. In addition, the spacecraft structure and experiment materials acquired a

low (N1 to -100 pico Curies per kg) level of radioactivity. The distribution of the induced radionuclides

in samples of the LDEF structure, measured in sensitive gamma ray spectroscopy facilities, allows

significant additional studies of the radiation environment and its interaction with the spacecraft.

The radiation measurements on LDEF are listed in Table 1. Three experiments (A0178, M0001,

M0002-2) (refs. 1,2,3,4) were designed to measure the composition and spectra of galactic or

"anomalous" cosmic rays. M0002-2 also studied heavy ions trapped in the Earth's magnetic field.

Experiment M0002-1 (ref. 1) had multiple detectors at different locations to measure the trapped proton
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fluence,energyspectraanddirectionalcharacteristics.ExperimentsP0006,P0004,M0004,andA0015
(refs. 1,5,6,7,8,9,10)containedavarietyof passivedetectorsto measuretheradiationdose,heavy
particlefluence, linear energy transfer (LET) spectra, and several aspects of the secondary radiations

including neutrons and the concentration of heavily ionizing recoil nuclei. These experiments contained

detectors at various shielding depths typically encountered in manned spacecraft. The experiments are

described further in NASA SP 473 (ref. 1), papers of this symposium, and the referenced experiment

reports. Table 1 summarizes the radiation measurements and lists the detector types and principal
measurement categories in each.

The cosmic ray experiments address fundamental questions about the nucleosynthesis of heavy

elements in the galaxy, and acceleration of the nuclei to high energies. A0178 measured the elemental

abundances of galactic cosmic rays above atomic number 65. It will make the most significant study yet
of the actinides (eg. thorium, uranium) in the cosmic rays, and will define their abundance relative to

lighter elements (eg., platinum, lead). This data will reveal the importance of rapid (explosive)

nucleosynthesis for heavy element production in the galaxy. M0001 was designed to study both galactic

and anomalous cosmic rays. The low energy "anomalous" nuclei are now thought to be from the inter-

stellar gas which enters the solar system, becomes partially ionized, and is then accelerated (by shock
waves) up to a few tens of MeV. These particles carry information about the interstellar medium and

particle acceleration in the solar system. In addition to anomalous cosmic rays, experiment M0002-2

also studied low energy heavy ions that are trapped in the inner radiation belt. The trapping mechanism

for these particles is not understood.

Experiments P0006, P0004, A0015, and M0004 contained a variety of passive detectors to

measure absorbed dose, particle fluences, linear energy transfer spectra, and neutrons. The P0004

detectors were distributed at various depths in the seeds experiments (P0004-1,2)(ref. 1). A0015 carried

many detectors to characterize the radiation exposure of biological samples. Some of these detectors

were used to locate heavy nucleus tracks which passed through the biological samples. P0006 com-

prised a comprehensive set of dosimetric detectors at precisely defined shielding depths in the seeds

experiments tray. Experiments M0003, M0006, and A0138-7 (ref. 1) also carried detectors for local
radiation dose monitoring.

A set of 5 metal samples (Co, Ni, Ta, V, In) (ref. 11) of approximately 100 gm each were placed

in 5 separate locations around LDEF. The metals were selected for specific activation products and

cross-sections to study the activation process and to measure the flux of the activating particles (trapped

protons, cosmic rays, and neutrons). The flux and spectra of neutrons, which have not been frequently

nor definitively measured in spacecraft, can be studied through activation reactions which are ex-

clusively, or partially, caused by neutrons.

In addition to the activation detectors intentionally placed on LDEF, the 5.8 years of exposure

caused the radioactivity induced by trapped protons and cosmic rays in aluminum, stainless steel,

titanium, lead, and other metals of the spacecraft structure to reach significant levels (11,12,13,14,15).

Although the activity was small (-1 to -100 pico Curies&g), it was readily measured with high resolution

gamma ray spectrometers. The initial activation measurements were made of the full spacecraft (between

2 weeks and 2 months of LDEF recovery) with a cooled germanium detector array (ref. 16) at Kennedy

Space Center. Subsequently, about 400 samples of the metal structure of LDEF (and some experiment

samples) have been measured in shielded low background spectrometers at nine laboratories (refs.

17,18,19,20). The activation data set is an important complement to dosimetry measurements performed

in experiments. It forms a complete dosimetric map of LDEF, filling in gaps where other experiment data

do not exist, and gives a measurement independent from other dosimetric techniques (e.g., ther-

moluminescent dosimeter (TLD) dose), which could be subject to different errors. This data set will be a
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definitivebenchmarkfor methodsthatareusedto calculateactivationin space.

The setof passiveradiationmeasurementsonLDEF is themostcomprehensiveyet flown on low
Earthorbit missions.Thevalueof thesemeasurementsisenhancedbythespacecraft'sEarth-fixedflight
attitude(which is thesamefor SSF). Thisallows thedirectionalcharacteristics of the ambient radiation

(refs. 21,22,23,14), and its effects at various shielding depths, to be studied. The large number and

variety of measurements at various locations and shielding depths, the orbit, the attitude stability, and the

long duration make this a valuable and unique data set for studies of the LEO radiation environment.

RADIATION ENVIRONMENT PREDICTIONS

Predictions of characteristics of the radiation environment and its effects, such as absorbed dose,

in LEO have been generally accepted as accurate to a factor of -2, but predictions with different codes

and assumptions have often differed by a larger factor. Single event upset predictions can differ among

methods by a factor of 10. Secondary radiations such as neutrons and recoil nuclei have been difficult to

measure on spacecraft. Measurements of the secondaries are scarce and corresponding predictions are

more rare. Furthermore, the directional characteristics of the trapped proton flux have been previously

ignored in predictions of effects, and for spacecraft stabilized like LDEF in 28.5 ° orbits, this causes a

variation in magnitude of 2-3, which is strongly dependent on location in the spacecraft. The present

uncertainties in radiation prediction would lead to significant impacts in a number of future programs.

For long duration missions such as the Space Station and AXAF, uncertainties in predictions can lead to

increased costs in electronic parts, or unfavorable trade-offs between manned mission duration and

orbital decay rates, or uncertainty in degradation and replacement cycle of observatory instruments. The

LDEF radiation data will considerably improve prediction methods for resolution of these kinds of
issues.

IONIZING RADIATION SPECIAL INVESTIGATION GROUP

The LDEF Special Investigation Groups (SIG's) (Materials, Meteroid and Debris, Systems,

Ionizing Radiation) were chartered to perform measurements and analyses that were not a part of the

LDEF experiments objectives but are important for application to future missions. The SIG's must

ensure that relevant and applicable information for design and development of future missions is re-

ported and archived, and that the results will be in a form useful to those programs. Each SIG defined

specific objectives toward these general goals, in accord with programmatic constraints. The main

elements of the Ionizing Radiation Special Investigation Group (IRSIG) operating plan are shown in

Figure 1.

The IRSIG has concentrated its efforts in the following areas:

1. Pre-recovery predictions of radiation dose, particle fluences, LET spectra and radioactivity
(refs. 11,12,13,22,24).

2. A post-recovery radiation safety inspection. This inspection was performed soon after
Columbia's payload bay doors were opened in the Orbiter Processing Facility (OPF) with hand-held

survey detectors, and dry wipes of small areas. No radioactivity enhancements above background were

detected with the survey instruments. KSC personnel performed these surveys.
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3. A full spacecraftactivationmeasurement.This measurementwasperformedfor twomonths
in theSAEF II building,whileexperimenttrayswereremoved,with averysensitivegermanium
spectrometerarray(ref. 11,16).

4. A programwasorganizedto measuretheinducedactivity in about400samplesof the
spacecraftstructureandexperimentsmaterialsselectedat manylocationsandshieldingdepths(refs.
11,14,15).Theactivationmeasurementdatasetprovidesanexcellenttestof calculationalmethodssuch
asthedirectionaltrappedprotonenvironmentmodel,theHigh EnergyTransportCode(HETC),and
othermethodsto predictactivationin spacecraft.Furthermore,theactivationmeasurementsandpredic-
tionmethodsareof greatinterestto thegammarayastronomycommunity(e.g.,GRO,MarsOrbiter,
etc.).

5. Accumulate the radiation data and analysis results from experiments as available, and supply

the experimenters with environment calculations and analyses as they become available.

6. Using LDEF data, validate or improve models of the radiation environment and the calcula-

tion methods for radiation transport and effects. The environment modeling and calculation program is

described in refs. 12,13,14,23,25. The main models and calculations to be applied are the AP8 trapped
proton model, AE 8 trapped electron model, a new model for trapped protons which combines AP8 with

the directional properties of the protons, methods for calculating induced radioactivity (e.g., the HETC),

the cosmic ray environment and methods for calculating linear energy transfer (LET) spectra [e.g., the

Cosmic Ray Effects on Microelectronics (CREME) code, and the HETC code]. The definitive applica-
tion of these methods requires a detailed mass model of the LDEF structure and selected experiment

trays, which is currently under development (ref. 25). The principal environments and calculational

codes to be employed by the IRSIG are shown in Figure 2 from (ref. 23).

7. The LDEF IRSIG is supporting a number of post-recovery radiation analysis efforts which

require accelerator exposures for the calibration of detectors or for the assessment of possible radiation

effects. Due to the low altitude and inclination orbit, and the relatively low radiation dose (refs. 22,24),

significant radiation effects were not anticipated. Only a few experiments have reported either con-

firmed or suspected radiation effects.

8. The documentation and archival of data, models, and methods is a major task of the IRSIG.

In addition to written reports and summaries of results, the environment models and calculation methods

will be documented and placed in accessible networks. The induced activity data and prediction meth-

ods will be a major subset of the archive. Activation results (including the occurrence of unusual

amounts of nuclides in the original material that have been discovered) will be archived in the Materials
and Processes Technical Information System (MAPTIS).

MOST SIGNIFICANT EARLY RESULTS

The early results of the LDEF radiation measurement are covered in subsequent papers of this

symposium and in referenced published results. Only a few highlights are listed here.

1. The effects of directional properties of trapped protons have been clearly observed in the

following measurements:

a. Absorbed dose from thermoluminescent dosimeters (TLD's) in PO006, P0004, M0004.

The West/East ratio is about 2.5 near the LDEF surface (refs. 14,23,26*).Figure 3 illustrates the dose

* unpublished
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dataalongwithpredictionsusingtheAP8protonomnidirectionalmodel. Thesecalculations,usingtwo
simpleshieldconfigurations,showthattheomnidirectionalprotonmodelcannotmatchtheLDEF data.

b. Inducedradioactivityin aluminumtrayclamps(22Nagammaray line) from locations
aroundLDEF (refs. 14,15).Figure4 displaysthe22Naactivationdatafrom thetrayclampswith a
simplifiedcalculationusingtheprotondirectionalmodel.

c. TheNa22 line variation around LDEF observed by the full spacecraft activation measure-
merits (ref. 16).

d. Radioactivity in two stainless steel trunion layers (54Mn gamma ray line) from the leading
and trailing sides (refs. 14,15,23).

The analysis of these data (and additional measurements in progress) will provide a high preci-

sion test of the new directional model of trapped protons, and the AP8 fluxes.

2. A large body of data has been gathered on induced radioactivity in spacecraft and experiment

samples (refs. 14,15) (aluminum, stainless steel, titanium, lead, copper, nickel, etc.). This data set

provides a benchmark for calculation methods and environment models. It also is of considerable

interest to gamma ray astronomers, whose experiments are sensitive to the background radiation.

A surprising finding was considerable uranium in titanium clamps (in the original material)
from the LDEF structure.

Figure 5 is a sample of activation data from small pieces of two stainless steel trunions.

3. Radioactive 7Be (half life 56 days) was found on the front surface of LDEF on all materials

examined (refs. 14,16,27,28), but was absent from the trailing surfaces. Figure 6 shows 7Be data from
the aluminum experiment tray clamps. It is known to be produced by cosmic ray bombardment of the

atmosphere with maximum production near -20 km. Its concentration on LDEF is small (-106

atoms/cm2), but is about 1000 times the quantity that might be expected from simple atmospheric
diffusion. At the symposium several processes that could explain the observation, such as production in

the atmosphere by solar flare particles and exceptional transport mechanisms, were speculated. Ac-

celerator mass spectrometry is being employed to search for other atmospheric spallation products (l°Be,

14C). 7Be accommodated to a variety of LDEF surfaces (e.g., aluminum, stainless steel, Teflon).

A recent measurement of 7Be in the removable surface "oil" film on the Concorde aircraft was

reported (ref. 29). Repeated measurements on Concorde will allow the speculated solar flare enhance-

ments of atmospheric 7Be to be tested.

4. Secondary neutrons and short range recoil nuclei have been measured in P0006 (refs. 5,6).

Past measurements of neutrons in spacecraft have been infrequent and subject to large primary particle

backgrounds. The LDEF data contain the first statistically significant measurements in space of spectra

from high LET recoil nuclei (6). These secondary particles are of importance in determining equivalent

dose (biological effects) and the rates of "single-hit" phenomena (e.g., single event upsets (SEUs),

sensor noise). The secondary particle measurements are also very important in assessing calculational

methods which predict equivalent dose (REM) and high LET particle effects.

5. Radiation Effects: No damaging radiation effects have been reported in LDEF surface

materials. This is consistent with the pre-recovery surface dose calculation of -500,000 rads from

electrons. However, possible radiation effects were reported in uncovered solar cells in experiment

A0171 * , the electronics in M0004 (ref. 30), and in quartz crystal resonators (A0189) (ref. 31 ).

Analysis and post-flight testing is continuing.

'_Willowby, D. J.; and Whitaker, A. F.: Private Communications.
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Geneticdamageeffectshavebeenobservedin experimentscontainingseeds(P0004-1,
P0004-2,A0015)andotherbiologicalsamples(A0015)(refs.10,32).

6. AnomalousCosmicRaysandUltra-HeavyCosmicRays:ThreeexperimentsonLDEF were
designedto measurerareparticlesin thecosmicrayflux. Thesearethelow energy"anomalouscosmic
rays", andthe"ultra heavycosmicrays"(atomicnumberabove65). Theseexperiments(M0001,
M0002-2,A0178)(refs.2,3,4)showedresultsindicatinggooddetectorsensitivityandresolution.Only
afew percentof thedetectormaterialhadbeenprocessedprior to thesymposium.TheLDEF measure-
mentsareafactorof > six more sensitive than any previous measurements, and will be the most sensi-

tive for a decade or more. In addition to astrophysics the anomalous cosmic rays are of interest in single
event upset predictions at thin shielding depths (e.g., electronics on the space station truss).

The investigators of M0001 reported stopping iron group ions with incident energies near 600

MeV/nucleon. This is above the energy of anomalous cosmic rays, but below the geomagnetic cut-off

for galactic cosmic rays in the LDEF orbit. Their energy range and flux levels suggest they are partially

ionized solar energetic particles, but further investigation is required.

7. Heavy ions trapped in Earth's magnetic field: Experiment M0002-2 has measured a small but

significant flux of heavy nuclei stopping in the detector and with an angular distribution consistent with

trapped belt particles (ref. 4). The trapping mechanism for these particles is yet to be explained.

8. It should be noted that LDEF carried no radiation detectors at sufficiently shallow shielding
depths (< .1 cm AI) to measure trapped electrons (refs. 22,24). Attempts to measure the electron dose in

some surface samples with electron paramagnetic resonance (EPR) techniques are planned.

9. The radiation environment models and transport calculations: Progress has been made in

using radiation environment models (refs. 12,13,23) (trapped protons, cosmic rays, earth albedo protons

and neutrons), and radiation transport models with simple shield geometries, to estimate various features

(such as directional properties) of the radiation, and to guide the emphasis on various measurements

(e.g., activation sample priority). A detailed mass model (ref. 25) is under development for use in

three-dimensional calculations, which are required for definitive testing of the environments models with

LDEF data. Experiments A0178 and M0001 will also make significant use of the mass model in data

analyses. The quality of the data reported in these early results indicates that the major objectives of the

calculation and analysis program will be met.

The early results presented at this symposium have clearly shown that LDEF will make signifi-

cant advances in the knowledge of the radiation environment in low Earth orbit (LEO), radiation
transport modeling, the biological effects of the space radiation environment, radiation dosimetry, and

astrophysics.
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Table 1. The radiation measurements on LDEF.

Experiment
No.

M0001
M0002-1

Radiation Detectors on LDEF

TLD,s (a)

Absorbed
Dose

(rads - Tissuel

X

X
X

X

X
X

M0004 X

X
A0015 X

X
A0114-1

3114-2
A0178

Activated Fissio Other
PNTD's(b) Materials Foils Detectors

Heavy Ion Proton &
Fluence & Neutron Neutror Heavy

LET Spectra Fluence & Spect. Ions

X
X

X X X
X X
X X
X X

X

x

X

X
X

X

X

Main
Objective

of
Radiation

Measurement

:'ffects
ffects

Effects

(a) TLD,s= ThermoluminescentDosimeters
(b) PNTD's = PlasticNuclearTrack Detectors
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SUMMAW_ _

The LDEF spacecraft flew in a 28.5 ° inclination circular orbit with an altitude in the ra.nge

from 172 to 258.5 nautical miles. For this orbital altitude and inclination two components con-

tribute most of the penetrating charge particle radiation encountered--the galactic cosnfic rays

and the geomagnetically trapped Van Allen protons. Where shielding is less than 1.0 g/era _

geomagnetically trapped electrons make a significant contribution. The "Vette" models (ref. 1-3)

together with the associated magnetic field nmdels (ref. 4) were used to obtained the trapped

electron and proton fluences. The nfission proton doses were obtained fl'om the fluence using

the Bnrrell proton (lose program (ref. 5). For the electron and bremsstrahhmg (lose we used the

MSFC electron dose program (ref. 6,7) The predicted (loses (ref. 8) were in general agreement

with those measured with on-board thermoluminescent detector (TLD) dosimeters (ref. 9). The

NRL package of programs, CREME, (ref. 10) was used to calculate the linear energy transfer

(LET) spectrum due to galactic cosmic rays (GCR) and trapped protons (ref. 8) for coml)arison

with LDEF measurements (ref. 11).
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INTRODUCTION

The LDEF sl)acecraft flew- in a 28.5 ° inclination circular orbit with a.n altitude in tile range

fl'om 172 to 258.5 nautical miles. It was gravity-gradient stabilized and oriented so that one side

always poimed along the velocity vector. For this orbital altitude and inclination two compo-

nents contribute most of the penetrating charge particle radiation encountered--the galactic cos-

nfic rays and the geomagnetically trapped Van Alien protons. Where shielding is less than 1.0

g/cm 2 geomagnetically trapped electrons make a. significant contribution. All three sources are

strongly modulated by the Earth's magnetic field. The trapped particles fi_llow a helical path

about a magnetic field line as shown in figure 1. As the field intensity increases, both the diam-

eter and the pitch of the helix decrease until the pitch becomes zero. The point with zero pitch

angle is called the mirror point and the center of the helical path is called the guiding center.

From here the helix reverses direction and particles travel up the field line toward decreasing

field intensity and away from the Earth. Almost all the trapped flux at LDEF altitudes will be

encountered in the region called the South Atlantic Anomaly (SAA) shown in figure 2, which is

produced because the Earth's magnetic field, though approximately dipolar, is not centered on

the Earth. In tile South Atlantic Anomaly ahnost all the particles observed are near their mir-

r_n points. Any trapped particle there which is not nearly mirroring will travel deep into tile at-

mosphere and be scattered or stopped by atmospheric interactions. Thus the flux is anisotrolfiC

with most of the flux arriving fl'om a narrow band perpendicular to the local geomagnetic field

direction. Atmospheric interactions also affect the trapped proton angular distribution in another

fashion as shown in figure 3. Trapl)ed protons that are observed traveling eastward are fi:)llowing

guiding centers above the observation point and protons traveling westward are following guiding

centers 1)elow the observation point. The gyroradius (the radius of the helical path) fi:_r energetic

pro)tons in the SAA is on the same order as the atmospheric density scale height. Thus west-

ward traveling protons encounter a significantly more dense atmosphere and are more likely to

suffer at,nospheric interactions and be lost. The resulting energy-dependent atfisotropy is called

the east-west effect. Galactic cosmic rays experience a. similar effect. A model fi_r predicting the

tral)l)ed proton angular distribution has been developed (ref. 12) recently. A la.rge part of the

calculational effort (ref. 13) of the LDEF Ionizing Radiation Special Interest Grrmp has been di-

rected toward testing the prediction of tlfis model against LDEF measurements (ref. 9, 14).

GEOMAGNETICALLY TRAPPED PHOTON AND ELECTRON FLUXES

To predict the trapped fluxes the current enviromnent model in use is tile "Vette'" model

(ref. 1-3) together with the associated magnetic field models (ref. 4). To obtain the LDEF mis-

sion fluences we calculated long-term average fluxes for five circular orbits at 258.5, 255.0, 249.9,

230.0, and 172.0 nautical mile altitudes which occurred on nfission clays 0, 550, 1450, 1950, and

2105, respectively, and (lid a numerical integration over time assuming a straight line between

time points. The solar F10.7 cm radio flux which characterizes solar activity exceeded 150 about

mission day 1540 (June 27, 1988). Thus the last 565 days or 27 % of the mission was spent un-

der solar maximum conditions. The environment models used for solar nfinimum (the first three

times) were AP8MIN (ref. 2) for protons and AE8MIN (ref. 2,3) for electrons and the magnetic

field model was the IGRF 1965.0 80-term model (ref. 4) projected to 1964, the epoch of the en-

vironmental model. The environment models used for solar maximum (the last two times) were
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AP8MAX (ref. 2) for protons and AE8MAX (ref. 2,3) for electrons and the magnetic field model

was the Hm'witz USCS 1970 168-term model (ref. 4) for 1970, the epoch of tile environnlental

model. (The references provided for the electron environment document the previc)us models

to AE8MIN and AESMAX which remain undocmnented.) Since LDEF was at a lower altitude

during the last part of the mission about 15% of the proton fluence and 24(Z, of the electron flu-

ence was received under solar maximum conditions. In figure 4 the trapped prot()n fluence is

compared to the galactic proton fluence and the atmospheric albedo fluences due to protons and

neutrons produced by GCR interactions in the atmosphere. The galactic proton fluence wa,s pro-

duced 1)y the CREME code (ref. 10) which modified the free space sl)ectrum external to the ge-

omagnetosphere based on the vertical rigidity cutoff at points along the LDEF orbit. The albedo

fluence was calculated from atmospheric transport of GCR (ref. 15). Figure 5 shows the l)re -

dicted electron fluence.

TOTAL MISSION DOSE

The mission proton (loses were obtained from the fluence using the Burrell proton dose

pr()gram (ref. 5) which is based on the "straight-ahead" and "continuous-slowing-down" ap-

1)roxilnations for transporting the protons. Two simple geometries were used-a point tissue re-

ceiver lnaterial at the center of a spherical almninum shell and a point tissue receiver material

1)ehind a plane almninmn sial) with infinite shielding behind the receiver. For the electron and

bremsstrahlung dose we used the MSFC electron dose program (ref. O). The electron dose is

based on fits to data from the ETRAN electron Monte Carlo program (ref. 7). Brelnsstrahhmg

dose is based on exponential attelmation with buildup factors from an al)proximated scmrce. It

yields fair agreement with more complicated transports. It only perforlns the slal) geolnetry cal-

culation. As an estimate for the spherical shell geometry we doubled the slab results which un-

derestimates the a.ctual result. The dose clue t() trapped protons plus secondary particle, the dose

due t() electrons plus bremsstrahhmg and the total of the two are shown in figures 6 and 7 for the

t wc_ geometries. A compariscm between the predicted total closes an(l dc_ses measured with on-

board TLD dosimeters (ref. 9) is shown in figure 8. Although there is general agreement between

the measurement and the simple geometry calculation the 1)lanned three-dimensional geometry

calculation (ref. 16) will better clarify the spatial variations about LDEF due t() shielding config-

m'atic_ns and proton angular distributions.

MISSION LINEAR ENERGY TRANSFER (LET) SPECTRUM

The LET of a charged particle specifies how much energy is deposited per unit length along

its path in passing through material. Particles with higher LETs are more likely to pr(_du('e sin-

gle event upsets (SEUs) in electronic devices and their Mological effects are larger compared to

low LET particles. The NRL package of programs, CREME, (ref. 10) was used to calculate the

LET spectrum due to GCR, the singly-charged anomalous cosmic ray component, and tral)ped

protons for comparison with LDEF measurements. The CREME package calculates the LET

spectra at LEO by attenuating the GCR and anomalous flux to the orbital position based on

a magnetic rigidity cutoff model and material shielding transport, and then combining this re-

sult with the contril)ution due to trapped protons, also modified by material shielding transl)ort.
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Secondariesare not handled. Tile CREME results (ref. 8) fi)r LDEF are shownin figure 9. Be-
cause of the long mission time, exl_erimentally measured LET spectra from the LDEF data (ref.

11) will have greatly improved statistical accuracy a.t high LET compared to previous measure-
_l_ents.

CONCLUSIONS

Predictic_ns of the LDEF mission's ionizing radiation exposure have been made using the

currently accepted models. The LDEF experimental measurements are providing an opportunity

to validate the model predictions. Preliminary results for the measured dose are in general agree-

ment with predictions, suggesting that the Vette AP8 model, although more than ,20 years old, is

still valid, at least fin" predictions of long-term average dose. The observed variation in dose and

activaticm about the spacecraft shows that the angular distribution of the trapped prot_nls must

17e considered where more accurate 1)redictions are needed. Because no (lose measurements were

at thinly shielded locations where the electron contribution to the dose is dominant, the LDEF

results will provide little information about the trapped electron enviromnent, The measured

LET spectra from LDEF will provide a test of the CREME model with the best measurements

at high LET to <late.
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SUMMARY

The retrieval of the Long Duration Exposure Facility (LDEF) spacecraft in January 1990

after nearly six years in orbit offered a unique opportunity to study the long term buildup of
induced radioactivity in the variety of materials on board. We conducted the first complete

gamma-ray survey of a large spacecraft on LDEF shortly after its return to earth. A surprising
observation was the large 7Be activity which was seen primarily on the leading edge of the

satellite, implying that it was picked up by LDEF in orbit. This is the first known evidence for

accretion of a radioactive isotope onto an orbiting spacecraft. Other isotopes observed during

the survey, the strongest being 2:Na, are all attributed to activation of spacecraft components.
7Be is a spallation product of cosmic rays on nitrogen and oxygen in the upper atmosphere.

However, the observed density is much greater than expected due to cosmic-ray production in
situ. This implies transport of 7Be from much lower altitudes up to the LDEF orbit.
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INTRODUCTION

Spacecraftin orbit around the earth undergo continuousbombardment by high-energy
cosmicrays and energetic trapped protons. This results in the build up of small but observable
amounts of induced radioactivity, dependingon the material and the exposurehistory. The
return to earth of the Long Duration Exposure Facility (LDEF) after nearly six years in orbit

provided a unique opportunity to study the activation of the variety of materials on board due to

exposure to the space radiation environment. Shortly after landing, and prior to removal of the

experimental trays, we conducted a complete survey to determine the distribution of induced

gamma radiation about the spacecraft. These observations should be useful in predicting the

activation of future long-duration spacecraft such as the space station, orbiting earth sensors, and
astronomical observatories.

Radiation is also induced in the upper atmosphere by the interaction of cosmic rays and

trapped protons with nuclei of carbon, nitrogen, and oxygen. One of the products of these
interactions, 7Be, was observed during the survey of LDEF on the leading edges of the

spacecraft in quantities much larger than expected from the known production cross sections and
the known flux of cosmic rays and trapped protons at the altitudes of the LDEF orbit. In this

article, we will describe the radiation survey results and discuss possible production and

transport mechanisms for the 7Be.

THE LDEF SPACECRAFT

The LDEF spacecraft was launched by the Space Shuttle Challenger on 7 April 1984. It
was retrieved in orbit by the Shuttle Columbia on 12 January 1990 and brought back to Earth on

20 January 1990. The spacecraft is a 12-sided cylindrical aluminum structure, 9.1 m long by 4.2
m diameter, with a total weight of about 9700 kg. Along the sides and on both ends were 86

trays containing a broad range of passive or low-powered experiments designed to study the

space environment in low-earth orbit and to determine the effects of the environment on various

materials, coatings, and spacecraft components. It was launched into a nearly circular orbit at

an altitude of 480 km and an inclination of 28.5 degrees, where it was exposed continuously to

cosmic rays, interplanetary dust and the residual atmosphere. In addition, the orbit took it

through the South Atlantic Anomaly (SAA) exposing the spacecraft to energetic trapped protons

and electrons. In the months prior to retrieval, the orbit was decaying rapidly and LDEF was

down to an altitude of about 310 km when recovered by the shuttle.

The orientation of the spacecraft was gravity-gradient stabilized while in orbit so that its

axis was aligned to the Earth's radius vector, with one end always pointed toward space and the

other end toward Earth. Also, rotation about this axis was stabilized with respect to the orbital

velocity so that the leading edge was always side number 9 (plus about 8 degrees). There were

a number of duplicate experimental trays positioned around LDEF in order to get information

about the differential flux of particles and micrometeoroids. The LDEF orbital velocity
(7.8 km/s at retrieval) exceeded the average thermal velocity of the rarified atmosphere so that

exposure to the atmosphere was primarily on the leading edge of the spacecraft.
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GAMMA RAY SURVEY

After landing, LDEF was returned to Kennedy Space Center (KSC) for post-recovery

examination. There the spacecraft was mounted on a stand so that it could be rotated about its

axis for inspection. During this period, an array of high-purity germanium detectors from the

Naval Research Laboratory (NRL) and single detectors from the Institute for Space Science and

Technology (ISST), were used to conduct the first detailed gamma-ray survey of a large

spacecraft after exposure in low-earth orbit. The residual gamma-ray emission depends both on

the flux of high-energy particles to which LDEF was exposed and on the particular materials in

each experimental tray. To observe the distribution of gamma-ray activity about the spacecraft,

we set up the array with detectors facing each tray position along one side of LDEF. The

single detectors were positioned at each end facing one of the experimental trays. The distance

from the detectors to each tray was about 0.6 m. Background spectra were taken prior to the

arrival of LDEF, and the detectors were calibrated in place using known gamma-ray sources.

So as not to interfere with activities during the day, gamma-ray spectra were accumulated

overnight for a minimum of 12 hours along each side. Each night, LDEF was rotated so that a

new side faced the array and new trays faced the detectors at each end. In this manner the

entire spacecraft was surveyed over the period from 4 to 20 February 1990. During the

disassembly period which followed, spectra were taken of selected experimental trays after they

were removed from LDEF.

GAMMA RAY OBSERVATIONS

We expected to see gamma rays from the decay of isotopes produced by the long

bombardment of energetic protons, neutrons, and heavier cosmic rays. Figure 1 shows the

accumulated gamma-ray spectrum over the six trays along side 9, which was at the leading edge.

The strongest peaks observed above background were from positron annihilation (511 keV), and

from the decays of 7Be (478 keV) and Z2Na (1274 keV). Weaker peaks were observed from the

decays of UMn, and _'_7'6°Co. The observed activities were primarily due to activation of the

most common materials on the spacecraft, aluminum and stainless steel (iron, nickel, and

cobalt.) The exception is the unexpectedly strong activity from 7Be which is discussed below.

During post-collection data analysis, spectra were analyzed for each detector and peak intensities

were extracted using the computer program HYPERMET (ref. 1). Table I gives the

observed isotope, its gamma-ray energy, halflife, and observed activity averaged over the LDEF

spacecraft and decay-corrected to the landing date (ref. 2).

Distribution of Gamma Ray Activities

The strongest isotopic activities observed during the radiation survey were from 2_Na and

7Be, both of which are produced by spallation from high-energy protons on aluminum, the

material of the spacecraft body and experimental tray holders. At equilibrium, the activity from
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7Bewas expected to be lower than 22Na in intensity by two orders of magnitude from the ratio

of their spallation yields on aluminum. However, the 478 keV line from 7Be was unexpectedly

strong at some positions around the LDEF. After the survey was complete, a plot of count rate

versus position around the spacecraft showed that the 7Be activity at the leading edge was

strongly enhanced compared to the trailing edge. Figure 2 shows the distribution of the average
2_Na and 7Be activities for each row of LDEF corrected to date of retrieval.

In contrast to 7Be, the 22Na activity in figure 2 shows a small enhancement at the trailing

edge, although there is some variation due to the distribution of aluminum and other activation

material around the spacecraft. The trailing edge enhancement can be attributed to the

asymmetry in the trapped proton flux in the SAA (ref. 3). This flux is strongly peaked

from the westward direction, the trailing direction in orbit. Although many of the trapped

protons are energetic enough to penetrate LDEF, they could produce the asymmetry seen in the

22Na activation data. In figure 3, the distribution of the positron annihilation activity shows a

similar trailing edge enhancement. Although statistics are poor, there also appears to be a

trailing edge enhancement in _Mn and possibly in the Co activities.

Unlike all the other observed distributions, a strong leading edge enhancement for the

7Be activity is evident in figure 2. The weak activity seen from the trailing edge can be wholly

accounted for by penetration of gamma rays from the opposite side of the hollow spacecraft.

This distribution of the 7Be activity is not consistent with any known mechanism for activation of

the spacecraft materials. It can only be explained by accretion of the isotope onto the leading

surfaces of LDEF as it moved through the thin upper atmosphere in orbit.

The overlay in figure 2 gives a diagram of LDEF. Each experimental tray position

around the cylinder is identified by row, numbered 1 through 12, and bay, lettered A through F.

The view is toward the space end and the leading edge; the arrow vectors indicate the direction

of the orbital velocity. Figure 4 shows a two dimensional mapping of the 7Be and 22Na activity.

The mapping shows the data as it would appear after cutting the cylinder between rows 1 and 12

and unrolling it fiat. The data for each tray position is plotted by row (running from 1 to 12)

along the right axis and by bay (running from A to F) along the left axis. The leading and

trailing edges in orbit are identified by the dashed lines in the figure. The 7Be activity is shown

to be distributed along the entire leading edge and not confined to a single tray.

The data in figure 4 tend to be somewhat higher in the middle compared to the edges of

the spacecraft. This can be explained by gamma rays from adjacent trays penetrating the 3 mm

lead collimators which surrounded the detectors. Similarly, the weak trailing edge activity for

7Be can be explained by penetration of gamma rays from the opposite leading edge.

The absence of 7Be activity on the trailing edge was demonstrated by measurements of

gamma-ray spectra from individual experimental trays after they were removed from LDEF.

Figure 5 shows a comparison of spectra from nearly identical trays from the leading and trailing

edges, containing germanium plates covered with a thin foil designed to capture interplanetary

dust particles. The 7Be peak is indicated in the figure and appears only on the tray from the

leading edge.
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Further confirmation of the lack of 7Be on the trailing edge of LDEF came from low-

level activity measurements of aluminum plates and tray clamps by NASA/Marshall Space Flight

Center (MSFC) (ref. 4), which showed 7Be activity only on parts from the leading edge.

In addition, they found that an acid etch of an aluminum plate from the leading edge removed

most of the activity, demonstrating that most of the 7Be is on the surface.

DENSITY OF 7BE IN THE UPPER ATMOSPHERE

Assuming that the 7Be was accreted onto the surface of LDEF in low-earth orbit, the

question arises: how did it get there with such intensity? From the literature, we can estimate

the 7Be density at 310 km due to cosmic-ray production for comparison to our measurements.

Using curves of cosmic-ray interaction rates derived from measurements during a period of high

solar activity (ref. 5) and including interactions due to the trapped proton flux, we obtain

an estimated 7Be density of 5.4 x 10 -5 atoms/m 3 in the upper atmosphere at 0 ° to 30 ° and 310 km

due to production in situ (see the Appendix for details.) From our measurements we can derive

a capture rate which gives a minimum 7Be density in orbit of 0.10 _+. 0.03 atoms/m 3. This

exceeds the estimated in-situ production by a factor of 1800.

It is difficult to explain such a large enhancement in the 7Be density. One possibility is

the mixing of air from the poles where the production rate is higher than at lower latitudes,

which are partially shielded from cosmic rays by the Earth's magnetic field. Measurements in

the stratosphere (ref. 6) imply significant mixing between polar and low-latitude air,

showing increases in the _Be density by a factor of 2 to 5 over the equilibrium value at 31 ° N. In

the upper atmosphere, above 120 km, the polar production rate is about a factor of 10 higher

than the average rate from 0 ° to 30 ° latitude (ref. 5). Thus, complete displacement by polar air

would still leave a factor of 180 unexplained.

A second possible source of increased activity is diffusion or convection of 7Be from air at

lower altitudes where production rates are higher due to increased atmospheric density. The

onset of diffusive equilibrium, known as the turbopause, occurs between 100 and 120 km

(ref. 7). Below this the atmosphere is well mixed, while above this the various

components tend to diffuse independently. Because 7Be is considerably lighter than the mean

atmospheric molecular weight, it will tend to diffuse upward. During periods of high solar

activity (ref. 8), the estimated in-situ production rate at 120 km is a factor of 300 higher

than the rate at 310 km. Below 120 km production increases rapidly; at 100 km it is a factor of

7000 higher than at 310 km. Thus, the amount of diffusion will be effected by the height of the

turbopause. Temperature is also an important factor. The equilibrium distribution of

atmospheric molecules due to diffusion is a decreasing exponential function of the altitude with

a scale height (ref. 9) which is proportional directly to the temperature and inversely to

the atomic weight. The mean global temperature (ref. 10) rises rapidly from about

380K at 120 km to 1040K above 200 km. During periods of high solar activity, temperatures as

high as 17001( have been measured (ref. 11,12). For 7Be, this corresponds to a scale height

of 206 km and an average thermal velocity of 2.5 km/s.
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Several large solar flares occurred in 1989, including the late September-early October

flare which was the largest in 33 years and had a very hard spectrum (ref. 13). Such

events cause heating and expansion of the upper atmosphere, where winds have been measured

at several hundred meters per second (ref. 11,12), driven by solar activity, diurnal solar heating

and geomagnetic storms. These act both to mix polar and lower latitude air and to transport air

upward from lower altitudes (ref. 9,11). The relative importance of diffusion versus convection

in contributing to the increased 7Be density at 310 km needs to be determined by detailed

modeling of the upper atmosphere.

CONCLUSIONS AND IMPLICATIONS FOR FUTURE SPACECRAFT

Our observations of 7Be activity on the leading surfaces of the LDEF spacecraft imply a

minimum density for 7Be in low-earth orbit which greatly exceeds the local equilibrium due to

cosmic-ray production in situ. One possible explanation would require the transport by diffusion

or atmospheric mixing of 7Be from much lower altitudes and higher latitudes into the LDEF

orbit. Thus, the current results should be important for validating and refining models of the

upper atmosphere. With more extensive measurements, 7Be should prove valuable as a natural

tracer for studies of upper atmospheric mixing. The next step is to combine existing atmospheric

circulation models with calculations of 7Be production rates at lower altitudes in order to predict

the upward transport of 7Be. Future observations should focus on sampling at both lower and

higher altitudes and should extend to polar latitudes. These should be closely correlated with

data on wind, temperature, pressure and solar activity.

In addition, the observation of the accretion of significant quantities of 7Be is an

indication of possibly similar behavior for other light cosmic-ray produced isotopes. Table II

gives the spallation yields (ref. 5) for all light isotopes with yields greater than or of the order of

7Be. Also given are their halflives and decay modes. 3He is stable and non-reactive. The

remaining isotopes, other than 7Be, are all pure beta emitters and thus would not be seen in the

present survey. They could, however, be significant sources of noise for low-level sensors on

spacecraft in low-earth orbit and could slowly degrade other components by coating or by

surface reactions. Lithium, the decay product of 7Be, could affect exposed semiconductor

sensors even in very low concentrations. As a result of our observations, other groups are

currently looking for trace amounts of Li, 14C and '°Be on LDEF components.

A period of 23 days elapsed between the time of the LDEF capture by the shuttle and

the start of the gamma ray survey. Thus much of the short-lived activity had decayed away

before we were able to observe it. A gamma ray survey should be made of a shuttle

immediately after landing to determine the magnitude and significance of this activity.
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APPENDIX

Equilibrium 7Be Density from Cosmic-Ray Production

Lal and Peters (ref. 5) provide curves of cosmic-ray production rates (interactions per

gram of air per second) versus latitude and altitude, using a model derived from measurements

during a period of high solar activity. From these curves and the known spallation yields

(ref. 5), we obtain a 7Be production rate per gram of air between 0 ° and 30" latitude of 9.0 x 10 -5

atoms/g-s at the "top" of the atmosphere (above 120 km). The mean atmospheric density during

periods of high solar activity (ref. 8) at an altitude of 310 km is about 6.1 x 10 g g/m 3. This gives

an in-situ production rate for 7Be at 310 km of 5.5 x 10 "I_ atoms/mS-s. Multiplying by the

equivalent in seconds of the 77 day mean 7Be lifetime gives an equilibrium density for 7Be of 3.6

x 10 .5 atoms/m 3, due to production in situ.

The trapped proton flux provides an added production source of 7Be at 310 km. Using

the trapped proton fluence for solar maximum given by Stassinopoulos (ref. 14), the

average equilibrium density of 7Be is 1.8 x 10 -5 atoms/m 3. Adding this to the density due to

cosmic-ray production gives a total density which is then 5.4 x 10-s atoms/m 3. However, the

"average" density calculated for the trapped protons is somewhat misleading since virtually all

the production occurs in the South Atlantic Anomaly where the density would be considerably

higher.

Minimum 7Be Density from Our Measurements

Our measurements of the 7Be activity on the LDEF leading edge give an average surface

density for 7Be of (5.4 + 1.4) x 10 9 atoms/m 2, corrected to the date of retrieval of the spacecraft.

With an orbital velocity of 7.8 km/s, LDEF traveled a distance of 5.2 x 10 _° m during one mean

lifetime of 7Be. Dividing the surface density by this distance gives the mean capture rate of 7Be

in orbit. Assuming 100% adherence of 7Be to the surface of LDEF, this implies a minimum

density in orbit for 7Be of 0.10 + 0.03 atoms/m 3. (Less than 100% adherence would imply an

even greater 7Be density in orbit.)
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TABLE I. - OBSERVED GAMMA-RAY ACTIVITIES ON LDEF

Isotope 3,-ray Energy Half-Life Activity

keV 103c/s/det % error

fl+ annih. 511 na 112. 0.8

22Na 1274 2.6 y 39.7 0.3

7Be" 478 53 d 23.0 3.

_Mn 835 312 d 3.1 4.

57Co+ 122 272 d 2.8 23.

56Co 847 78 d 0.75 25.

6°Co 1173, 1332 5.3 y 0.34 27.

* Peak activity at row 9 is given for 7Be

+ Activity for STCo is averaged over 4 rows only

TABLE II. - COSMIC RAY PRODUCED LIGHT ISOTOPES

Isotope Yield/Interaction Half-Life Decay Modes

_4C 1.5" 5.7 x 104 y beta

3H 0.14 12.3 y beta

3He 0.12 stable none

7Be 0.045 53 d ec +, gamma

beta_OBe 0.025

* Relative yield, produced mainly by thermal neutrons

+ Electron capture, gamma branching ratio 10.4%

1.6 x 10 6 y
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Comparison of activities of 7Be (lower) and nNa (upper) seen during the gamma-ray

survey of the LDEF spacecraft. The average counts per second per detector are shown

for each row of LDEF for an average detector efficiency of 38.8% at 1332 MeV relative to

a 7.6 x 7.6 cm diameter NaI(T1) detector. The error bars include statistical and peak-

fitting uncertainties. As a visual aid, dashed curves are drawn connecting the data points.

The overlay is a diagram of LDEF.
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Figure 4. Map of the distribution of 7Be and 22Na activities around the LDEF spacecraft. There
are 12 rows along the right axis and six bays along the left axis, with data from one

experimental tray plotted for each bay and row. The dashed lines indicate the positions of
the leading and trailing edges. The 7Be activity is strongly peaked along the leading edge,

while the 22Na activity is higher along the trailing edge.
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Figure 5. Comparison of gamma-ray spectra of germanium plates from trays E3 and E8 after

their removal from LDEF. Shown is the region including the 478 keV gamma ray from

7Be which is seen on tray E8 near the leading edge and not on tray E3 at the trailing edge.

The 511 keV peak due to positron annihilation is seen both in the background and from

22Na. The weaker unlabeled peaks are all in the background.

236



N92
THE INTERACTIONS OF ATMOSPHERIC COSMOGENIC

RADIONUCLIDES WITH SPACECRAFT SURFACES

294

J. C. Gregory
The University of Alabama in Huntsville

Materials Science Building Room 111
Huntsville, Alabama 35899

Phone: 205/895-6028, Fax: 205/895-6819

G.J. Fishman, B. A. Harmon, T.A. Parnell
NASA Marshall Space Flight Center

Space Science Laboratory ES-62
Huntsville, AL 35812

Phone: 205/544-7690, Fax: 205/544-7754

SUMMARY

The discovery of the cosmogenic radionuclide 7Be on the front surface (and the front
surface only) of the LDEF spacecraft (ref. 1) has opened opportunities to investigate new

phenomena in several disciplines of space science. Our experiments have shown that the 7Be
found was concentrated in a thin surface layer of spacecraft material. We are able to explain our

results only if the source of the isotope is the atmosphere through which the spacecraft passed. We
should expect that the uptake of beryllium in such circumstances will depend on the chemical form
of the Be and the chemical nature of the substrate. We have found that the observed concentration

of 7Be does, in fact, differ between metal surfaces and organic surfaces such as PTFE (Teflon).
We note however that (a) organic surfaces, even PTFE, are etched by the atomic oxygen found
under these orbital conditions, and (b) the relative velocity of the species is 8 km-ls relative to the
surface and the interaction chemistry and physics may differ from the norm.

7Be is formed by spallation of O and N nuclei under cosmic ray proton bombardment. The

principal source region is at altitudes of 12-15 km. While very small quantities are produced above
300km, the amount measured on LDEF was 3 to 4 orders of magnitude higher than expected from

production at orbital attitude. The most reasonable explanation is that 7Be is rapidly transported
from low altitudes by some unknown mechanism. The process must take place on a time scale
similar to the half-life of the isotope (53 days).

Many other isotopes are produced by cosmic ray reactions, and some of these are suited to
measurement by the extremely sensitive methods of accelerator mass spectrometry. We have
begun a program to search for these and hope that such studies will provide new methods for
studying vertical mixing in the upper atmosphere.
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INTRODUCTION

TheLDEFspacecraftwaslaunchedby thespaceshuttleChallengeron7 April 1984intoa
nearlycircularorbitwith an inclinationof 28.5° andanaltitudeof 480km. It wasretrievedby the
spaceshuttleColumbiaon 12January1990at analtitudeof 310km. Becauseof its largemass,
long spaceexposureandthe wide variety of materialsonboard,the LDEF provideda unique
opportunityfor inducedradioactivitystudies.Thesemeasurementsarestill inprogressandwill be
reportedelsewhere.

TheLDEFspacecrafthasatwelve-sidedcylindricalaluminiumstructure,9.1m longby4.3
m in diameter(seeFig. 1). Its structureconsistedof anopengrid to whichwereattachedvarious
experimenttraysdesignedto measuretheeffectsof long spaceexposureonspacecraftmaterials
andcomponents.Throughoutits orbital lifetime, thespacecraftwaspassivelystabilizedaboutall
threeaxesof rotation,allowing oneendof thespacecraftto point alwaystowardtheEarth,and
fixed leadingandtrailingwith respectto theorbitalmotion.

After its returnto theKennedySpaceCenter,gammarayspectrawereobtainedalongeach
of the12sidesof thespacecraftusingagermaniumdetectorarrayprovidedby theNavalResearch
Laboratory. Thegamma-rayline at 478keV from theradioactivedecayof 7Bewasobservedto
emanatestronglyfrom theleadingsideof thespacecraft.(ref.2) Theweakersignalobservedfrom
thetrailing sideof thespacecraftwaslatertracedto thegamma-rayflux from theleadingsurfaces
afterattenuationfrom passingthroughthebodyof theLDEF.

EXPERIMENTALMEASUREMENTSOFRADIOACTIVITY

Individual componentswerebroughtto theMarshallSpaceFlight Centerto quantify the
residualradioactivityon theLDEF. Muchof thecountingwork wasperformedatotherradiation
laboratoriesaroundthecountry. Theauthorsareparticularlyindebtedto Dr. CharlesFrederickof
theTVA WesternAreaRadiationLaboratory,MuscleShoals,Alabamafor manyof theAI clamp
plateassays.A high-puritygermaniumdetectorinsidealow-levelbackgroundfacility wasusedto
obtainspectraof smallaluminiumandsteelsamplestakenfromtheleadingandtrailingsides. In
Figs 2 and3, gamma-rayspectraof two identical aluminiumplatesandtwo steeltrunnionend
piecestakenfrom theleadingandtrailingsidesof thespacecraftareshown. A clear7Begamma
ray signalwasseenonmaterialsfrom theleadingside,with little or nosignalabovebackground
on thetrailingside.

In Figure4 the7Beactivities for aluminumtray-clampstakenfrom traysall roundthe
LDEF areshown,clearly demonstratingtheleadingedgeeffect. While 7Beis alsoproducedby
spallationof A1nucleiin thespacecraftby cosmicrays,first ordercalculationshaveshownit to be
barelymeasurable.Also theknownanisotropyof thecosmicrayflux (theeast-westeffect)should
haveresultedin higherproductionon therear(west-facingside)of theLDEF. Anotherisotope
22Na,producedby spallationof spacecraftA1,clearlyshowshigheractivityon thetrailingedgeof
thesatellite. Figure5 showstrayclampactivitiesof 22Naabouttwiceashighon thetrailingason
the leadingedge,in agreementwith the east-westanisotropyof thecosmic rays and trapped
protons.Thisevidenceclearlypointedto asourceof 7Bein theatmospherebeingsweptupby the
front surfaceof thespacecraft.
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In Table 1,themeasurednumberof 7Beatomsperunit areaonvariousspacecraftsurfaces
is shown.Theresultsarecorrectedto theretrievaldateof 12January1990andfor theoffsetangle
from theleadingdirection. Thearealdensityfor 7Beon thealuminiumandsteelis thesamewithin
the experimentaluncertainty,and is apparentlynot a strong function of the type or surface
condition of themetal. However, theTeflon thermalcoatingwhich wasusedon manyLDEF
experiment trays, hasa density of 7Bean order of magnitudelower than that found on the
aluminumsurface. Thereasonfor this apparentdifferencein uptakeefficiency is unknown,but
could be related to the covalent-bondstructure of the material. The explanationmay be
complicated,also,by theobservederosionof theTeflonsurfaceby atomicoxygen.

TABLE 1

LDEFBe-7SurfaceConcentrations*

Material Be-7ArealDensity
(x 10e5atoms/cm2)

Stainlesssteeltrunnionface

Polishedaluminumplate-Exp.A0114

Anodized aluminum experiment tray clamp

Teflon thermal cover

5.3 +- 0.7

6.7 +- 1.0

4.6 +- 0.5

0.9 +- 0.2

* Corrected for decay since recovery and for surface orientation relative to spacecraft ram
direction.

7Be PRODUCTION, DECAY AND DYNAMICS IN THE ATMOSPHERE

The short-lived isotope 7Be was first detected in the atmosphere by Arnold and A1-Salih in
1955, (ref. 3) and later mapped by others as a function of altitude and latitude (ref. 4-8). It is
produced in the atmosphere by high-energy cosmic-ray interactions with air as are other

radioisotopes such as 14C and 3H. Once formed, 7Be ions are presumed to oxidize rapidly and
attach to small aerosol particles, which provide a downward transport mechanism from peak

production regions of the atmosphere (ref. 9-16). The primary removal process for 7Be, which
occurs on a timescale comparable to its half-life, 53.2 days, is the washout of the aerosol-attached
7Be in rain water (ref. 3-6).

At a given latitude above -20 km, the production rate of 7Be varies vertically and directly in
proportion to the oxygen-nitrogen gas density. Peak production per unit volume occurs in the
lower stratosphere, at 12-15 km, below which the cosmic-ray flux is substantially attenuated. At
higher altitudes, the number of 7Be atoms produced per unit volume decreases rapidly, but the

number of 7Be atoms produced per unit mass of air is essentially constant. Balloon and aircraft
measurements (ref. 6, 15) are in approximate agreement with this, although few measurements
extend much above the peak production altitudes.

From the measured densities of 7Be on LDEF surfaces and in making some simplifying

assumptions, we can estimate the concentration of 7Be atoms per cm3 of air at the LDEF orbital
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altitude. Sincethelifetime of LDEF is muchgreaterthanthemeanlifetime of a 7Be atom, and

ignoring changes in altitude over the last 6 months in orbit, we assume a steady state relationship
between pick-up of 7Be and loss by decay:

dn

dt = 0 = -k neq + n* v Ps

where: n is the

k is the

neq is the
n* is the
v is the

Ps is the

density of 7Be atoms on the surface at time t
first-order decay constant for 7Be

steady-state surface density of 7Be in atoms cm-2

concentration of 7Be atoms in orbital space (atoms cm-3)
spacecraft velocity (cm)(s-1)
sticking probability of Be on a metal surface

for first order kinetics of radioactive decay:

k - In2
tl/2

where: tl/2 is the half life

Thus we have:

n_q = n* V tmean Ps

where tmean = tl/2 = 76.8 days for 7Be
ln2

From the measured value of neq, assuming Ps = 1,

we have n* = 1.2 x 10 -7 cm -3 at 320km

or a relative concentration of 3.8 x 106 atoms per gram of air. In the peak production
region, below 20km, previous measurements (ref. 4-8) yield a concentration of 1000 7Be atoms

per gram of air, or -0.1 atoms cm-3, in agreement with a simple calculation using known values of
the cosmic-ray flux and the production cross-section for the isotope. Thus, the measured
concentration of 7Be per unit mass of air at 320km is three to four orders of magnitude greater than
it would be if it had been produced at that altitude.

The simplest explanation is that Be is quickly transported upwards from regions of the
atmosphere where its numerical concentration is much higher (but not its relative concentration
with respect to oxygen and nitrogen). This transport must take place on time scales similar to or
shorter than the radioactive half-life (53.2 days).

Vertical transport timescales at altitudes of several tens of km to 100km are considered to be
too long to provide an efficient source, but Petty (ref. 17) has shown that above a certain altitude

(not well defined, but about 100km) simple diffusion of the light nucleus in the Earth's
gravitational field would provide an enrichment of a factor of 500 or more at 300km. Turbulent

mixing below 100km cannot be easily invoked as it proceeds at times scales longer than the isotope
half-life. More detailed calculations are needed to see if closer agreement can be reached.
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ATMOSPHERIC CHEMISTRY AND SURFACE CHEMISTRY OF Be

Thus far we have considered the chemical form of Be to be single atoms of mass 7. At low
altitudes, rapid oxidation would be expected and in regions close to the tropopause, this would be
followed by rapid absorption onto aerosol particles. The raining-out of these Be-bearing aerosols
has proved a useful tool for measuring the efficiency of tropospheric mixing by thunderstorms.

If the Be were in the form of its normal oxide BeO (mass 23) at altitudes above 100 kin, we
can no longer rely on rapid diffusion to higher altitudes. While not much appears to be known of
Be chemistry in the upper atmosphere, a great deal of work has been done on the chemistry of
metals ablated into the upper atmosphere from meteorites. These metals include Mg, Ca, A1, Si
and Fe.

7Be is formed as a "hot" atom or ion, which must rapidly thermalize with the atmosphere.
From studies of meteoritic ions in the atmosphere we may draw some general conclusion as to the
chemical form in which the Be atom will finally take. The form of the meteoritic ions is highly
variable with altitude and between day and night. Electropositive metals readily form positive ions:

Fe + hv --->Fe + + e

Fe + 02 + _ Fe + + 02

At low altitudes neutralization may occur (X is a third molecule):

Fe + 0 2 + X _ FeO_ + X

FeO2+ + e _ Fe + 0 2

In general at altitudes in excess of 100km the metal (M) oxides cannot survive in
appreciable quantities due to reactions such as

and

MO + + hv --->M ÷ + O

MO + + O --_ M + + 0 2

Thus at higher altitudes the singly-charged positive ion dominates for most metallic species

studied. Of interest is the ratio M÷/M which varies with altitude and electropositive character of the
metal. Examples of some measured ratios from the literature (ref. 18) for silicon and iron are:

Si+/Si = 0.006 at 96km
0.2 at 110km

Fe+/Fe = 5 at 100km
220 at 110km

Thus above 150km (and perhaps as low as 100km) most Be should exist as Be ÷.

Important reactions might be:

Be + hv --->Be + + e

BeO + O2+ _ BeO ÷ + O a
BeO + hv --_ BeO ÷ + e

BeO ++O _Be ++ 02
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It is reasonable that a positive metal ion striking a clean metal oxide surface, especially with
several eV kinetic energy, should easily enter the oxide lattice and remain trapped. While most
metal (and metal oxide) surfaces in the ground-level atmosphere are usually found (by ESCA
techniques) to be covered with a layer of hydrocarbon contamination, this is not the case with the
leading surfaces of LDEF which are known to be continuously cleaned of combustible material by
the action of atomic oxygen in the atmosphere. These atomic oxygen/satellite surface interactions
have been intensively studied on the LDEF. The interaction of Be ions with metal oxides is an
example of a new kind of chemical reaction between atmospheric species and satellite surfaces and
has implications yet to be explored.

We investigated the form of binding of the Be to the aluminium surfaces on LDEF.
Possibilities included (1) binding within an adsorbed contaminant layer, for example of
hydrocarbon; (2) binding of Be-containing particulates, perhaps aerosols or meteoritic debris and
(3) binding within the native oxide found on aluminum and other metals. Two kinds of A1 plates
from the LDEF were measured, some with several microns of oxide produced by anodization and
the second type a polished A1 plate from the UAH Atomic Oxygen Experiment A0114 (ref. 19).
The oxide on this was only expected (ref.20) to be 50 - 100/_ thick.

The polished A1 plate was coated with a solution of Collodion, which was then dried,
stripped off and counted. No Be activity could be associated with the Collodion film. The method
is used in industry to reliably and quantitatively remove particulates from sensitive surfaces. Next
the plate was wiped first with alcohol, then with xylene. No activity was removed with the wipes.
Finally an acid etch was used to remove the top 10 microns of the surface. The etch solution
contained most of the Be activity formerly on the plate: that remaining being associated with either
unetched surface or with re-adsorption of Be 2÷ ions onto the A1. This might be expected since a
stable Be carrier solution was not used. The experimental results are consistent with the
hypothesis that the Be species were penetrating the aluminium oxide layer on the surface of the
plates and becoming permanently fixed in the oxide lattice. We believe the penetration to be of the
order of one nanometer, since the kinetic energy of the Be species relative to the spacecraft was
only 2.5eV. We do not have the capability to remove such a thin layer from large areas of metal
surfaces, and thus cannot measure a depth/composition profile for the species.

7Be is not the only nucleus produced by cosmic rays in the atmosphere. In fact all stable
nuclei of lesser atomic weight than oxygen, nitrogen and argon must be formed. The means to
detect the extremely small concentrations of most of these nuclides (in the presence of naturally
occurring levels) do not exist. A few other unstable nuclides exist however with half-lives long
enough to allow measurement, and short enough that there is no other natural background
concentration. These are t4C, t0Be and possibly 26A1 (from argon).

The only method sensitive enough to measure these nuclides is accelerator mass
spectrometry (AMS) (ref. 21). While the method has proved most useful for radioactive nuclei,
emission of radiation by decaying nuclei is irrelevant to the AMS technique. Rather, all atoms of
the nuclide are counted in the mass-spectrometer, giving some major advantages over radiation-
counting methods.

l°Be is produced in a similar manner to 7Be, by spallation of N and O induced by
secondary neutrons from cosmic ray interactions in the atmosphere. The production efficiency is
about 0.5 that of 7Be, however its half-life is 1.5 x l06 yrs (compared with 53.2d for 7Be),
resulting in measured ratios _°Be/7Be of about 3 in the stratosphere (ref. 22). While the
atmospheric chemistry of the two isotopes should not differ appreciably, the diffusion of neutral
atoms to higher altitudes should show measurable differences because of atomic mass.

_°Be decays to _°B by internal conversion, emitting electrons over a wide energy range,
while 7Be decays to 7Li by electron-capture, emitting gamma-rays of very narrow energy
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distribution. The latter allows rates of a few decays per day to be measured in our low-level
counting apparatus, while the former poses insurmountable counting problems. AMS however
can detect lOBe with undiminished sensitivity. We are currently working on chemical separation

techniques* and plan a l°Be run at the University of Pennsylvaniat in fall of 1991.

We also plan a search for another cosmogenic radioisotope, 14C, also using AMS. We plan

to use the NSF-Arizona facility_ to investigate the take up of 14C species by blanket material from
LDEF. Carbon chemistry is completely different from that of the metals. Cosmogenic carbon
should form CO and CO2 rapidly in the lower atmosphere but its behavior at higher altitudes is
unknown. Upwards diffusion of the oxide species would not be favored (their masses are 28 and
44) and the adsorption on spacecraft materials is unknown.

*Herzog, G.F. and Albrecht, A., Rutgers University, Dept. of Chemistry, Wright-Rieman
Laboratory, New Brunswick, NJ, 08901, personal communications.

_Klein, J. and Middleton, R., University of Pennsylvania, Dept. of Physics, David Rittenhouse

Lab, Room 1N12, 209 South 33rd St., Philadelphia, PA 19104-6396, personal
communications.

ttJull, A.J.T., University of Arizona, NSF-Arizona Accelerator Facility, Tuscon, Arizona 85721,
personal communications.

243



REFERENCES

1. Fishman, G.J., Harmon, B.A., Gregory, J.C., Parnell, T.A., Peters, P., Phillips, G.W.,
King, S.E., August, R.A., Ritter, J.C., Cutchin, J.H., Haskins, P.S., McKisson, J.E., Ely,
D.W., Weisenberger, A.G., Piercey, R.B., and Dybler, T. Nature, 349, 678-680, (1991).

2. Phillips, G.W., King, S.E., August, R.A., Ritter, J.C., Cutchin, J.H., Haskins, P.S.,
McKisson, J.E., Ely, D.W., Weisenberger, A.G., Piercey, R.B., and Dybler, T: Gamma
Radiation Survey of the LDEF Spacecraft. NASA, Proceedings of the First LDEF Post-
Retrieval Symposium, Kissimmee, FL, June, 1991.

3. Arnold, J.R. & AI-Salih, H. Science 121,451 (1955).

4. Beniof, P.A. Phys. Rev. 1t)4, 1122-1130 (1956).

5. Lal, D., Malhotra, P.K. & Peters, B. J. Atmos. Terr. Phys. 12, 306-328 (1958).

6. Lal, D. & Peters, B. Encyclopedia of Physics (ed. Sitte, K.) 46/2, 551-612 (Springer, New
York, 1967).

7. Bhandari, N.J. Geophys, Res. 75, 2927-2930 (1970).

8. O'Brien, K. J. Geophys. Res.84, 423-431 (1979).

9. Shapiro, M.H. & Forbes-Resha, J.L.J. Geophys. Res. 81, 2647-2649 (1976).

10. Husain, L., Coffey, P.E., Meyers, R.E. & Cederwall, R.T. Geophys. Res. Lett. 4, 363-365
(1977).

11. Bleichrodt, J.F.J. Geophys. Res. 83, 3058-3062 (1978).

12. Viezee, W. & Singh, H.B. Geophys. Res. Lett. 7, 805-88 (1980).

13. Raisbeck, G.M. et al. Geophys. Res. Lett. 8, 1015-1018 (1981).

14. Sanak, J., Lambert, G. & Ardouin, B. Tellus 37B, 109-115 (1985).

15. Dutkiewicz, V.A. & Husain, L. J. Geophys. Res. 90, 5783-5788 (1985).

16. Dibb, J.E.J. Geophys. Res. 94, 2261-2265 (1989).

17. Petty, G.W. Geophys. Res. Lett. 18 (9), p1687-1690 (Sept. 1991)

18. Solomon, S., Ferguson, E.E., Fahey, D.W. & Grutzen, P.J. Planet. Space Sci. 30 (11)
1117, (1982)

19. Gregory, J.C. and Peters, P.N., The Long Duration Exposure Facility (LDEF) NASA
Publication SP 473, Edited by L.G. Clark, et al, pp 14-18, (1984).

20. Gregory, J.C., Peters, P.N., and Swann, J., Applied Optics 25, 1290 (1986)

21. Elmore, D. and Phillips, F.M., Science 236,543, (1987)

22. McHargue, L.R. & Damon, P.E., Reviews of Geophysics 29 (2), p 141-158, May, 1991

244



Structural Clips -
(Ti)

Trunnion

(Steel) 12
Structural Clips

(Ti)

Co, V, Ta,
Ballast In, Ni

(Pb)

Clamp Assembly

(A0)

A_)Tray

Trunnion
(Steel)

Figure 1. The LDEF spacecraft, showing the location of pieces of material studied for

induced radio-activity

Figure 2.

t_

O

1200

1000

8O0

Aluminum Plale

600

400

20O

a.

Leading Side

7Be 478 keV

51_keV(e _,nn, _a)

440 460 480 500 520 540

E(keV)

560

1200

1000

800

600

400;

200

0

b.

Trailing Side

511 keV (e+ Ann, 22Na)

440 460 480 500 520 540 560
E(keV)

Portion of the gamma-ray spectrum obtained from an aluminum plate (a) on the
leading side and (b) on the trailing side of the LDEF. The 7Be line at 478 keV is
seen only on the leading side.

245



Sleet Trunnion

700[ i
6°°F t

I a 1500 Leading S_de !

400 f 5,_Mn 835 keV I

300 i

478 key ]

400 500 600 700 800 900 1000

E(keV)

Figure 3.

Figure 4.

e,

700 [

i o
Tralhng Side

400 _-

300 1

100_-

0[

400 50o 600 700 800

E(keV)

4

4

)
4

9O0 1000

Portion of the gamma-ray spectrum taken from the stainless steel trunnion (a) on the
leading side and (b) on the trailing side of the LDEF. The 7Be line is seen only on
the leading side, whereas the spaUation products produced within the steel itself,
54Mn and 22Na are seen on both trunnions.

LDEF CLAMP PLATE ACTIVITIES - 'Be
I I I I I I

160

140

120

I00

80

60

40

20

-270

t.1

0
L;,

,...,

q

i'*L

L

{

L

,'.- _-Ic C C IC C C I_ _ _'1 C I I ] @

-225 -180 -t35 -90 -45 0.0 45 90

ANGLE OFFSET FROM LEADING EDGE

7Be activities for aluminum tray-clamps taken from all round the LDEF. The

leading edge is nominally 0 deg and the trailing edge 180 deg. 7Be activity is
clearly a function of surface area projected in the forward direction of the
spacecraft.

246



,.o

Z

Figure 5.

_4

t5

10

C_dmp PTate _ctfvitfes for _a-22

t

-2-_0 -_00

Angle from leading edge _deg)

:'Na activities for aluminum tray clamps taken from around the LDEF. The leading
edge is 0 deg. and the trailing edge 180 deg. Activity is peaked at the trailing edge
but found all round the spacecraft. As expected from the anisotropic cosmic ray
and trapped proton fluxes, more activity is induced in materials on the westerly
(trailing) side of the spacecraft.

247





SURFACE ACTIVATION OF CONCORDE BY 7Be

N92

P. R. Truscott, C.S. Dyer, and J.C. Flatman

Space Department

Defence Research Agency (Aerospace Division)

Farnborough, Hampshire, GU14 6TD, England

Phone: 44 252 24461 x3290, Fax: 44 252 377121

 23295

SUMMARY

Activation analysis of two airframe components from Concorde aircraft has identified the

presence of 7Be, a nuclide found by other investigators to have been deposited on the forward edge of

the LDEF structure. The results of the Concorde analysis indicate that this phenomenon is very much a

surface effect, and that the areal densities of the 7Be are comparable to those found for LDEF. The

collection of 7Be by the aircraft must be greater than in the case of LDEF (since the duration for which

Concorde is accumulating the nuclide is shorter) and is of the order of 1.2 to 41 nuclei-cm2s _,

depending upon assumptions made regarding the altitude at which collection becomes appreciable, and

the efficiency of the process which removes the radionuclide.

INTRODUCTION

Post-flight measurements of the Long Duration Exposure Facility (LDEF) have identified the

presence of radioactive contamination by the beryllium isotope 7Be (refs. I-3). For the LDEF

spacecraft the areal densities of the radionuclide were found to vary between 0.9x10 s and 6.7x10 s

nuclei/cm z, depending upon the material which had been contaminated. The source of this contaminant

is believed to be cosmogenic, ie the spallation products of the interactions of primary and secondary

cosmic rays with atmospheric nitrogen and oxygen. These spalled nuclei are then 'swept-up' by the

spacecraft as it passes through the tenuous atmosphere at orbital altitudes. In support of this theory is

the fact that the contamination is superficial, and only observed on the leading edges of the spacecraft.

RAE Farnborough initiated a similar activation analysis as a direct result of the LDEF ffmdings,

this time searching for 7Be contamination in airframe components of Concorde aircraft. The normal

cruising altitude for these aircraft (between 50,000 feet and 60,000 feet, or approximately 15 km and

18 km) is significantly higher than those of other commercial aircraft, and lies just below the Pfotzer

maximum (at 18 km), where the cosmic-ray secondary particle flux peaks (ref. 4). At Concorde

altitudes therefore the production rate for 7Be is expected to be at or near its maximum (ref. 5).

© British Crown Copyright 1991/MOD
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The studyof 7Bedepositionon high-altitude aircraft is not of isolated interest and has relevance

to the LDEF analysis, since, as suggested by Parnell (ref. 6), aircraft studies may also provide a

method of investigating proposed solar flare enhancements of this cosmogenic nuclide.

ACTIVATION ANALYSIS OF CONCORDE SAMPLES

Two samples of Concorde airframe were provided by British Airways for analysis, both of

which had been exposed to the external airflow during flight:

(1) Strip of engine cowling, approximately 0.2cm x lcm x 10cm.

(2) Access door from the upper port-wing of G-BOAB, approximately elliptical in shape,

61.2cm x 31.2cm. When affixed to the aircraft, the door is located above the port engine

towards the centre of the wing (fig. 1).

T-ray analysis of these samples using a high-resolution germanium detector has identified the

presence of 7Be in both cases. For the access door, the 477.5 keV "/-ray peak was found to decay with

a half-life of 52+2 days, which agrees well with the half-life which is expected for 7Be (53.29 days).

The analysis also showed no other radionuclides in quantities exceeding nominal background levels.

After analyzing the decay of the radionuclide in the access door over the period of 1.5 months,

the door was swabbed with a solution of mild detergent and water. This swabbing process was found

to remove 47+4% of the 7Be contaminant, transferring it to the swabs. A control sample of swabs

(containing an identical detergent/water solution) did not identify any sources of 477.5 keV -/-rays.

This indicates that the contaminant was from the door and, as with the LDEF analysis, is very much a

surface effect. The high efficiency with which the contaminant was removed is believed to be because

of an oil/grease layer on the door which collected a significant amount of the 7Be during flight.

Based upon the -/-ray count rate observed, and estimates of -/-detection efficiency (refs. 7 and

8), it is estimated that the 7Be activity from the door before it was removed was 2195:22 decays/s,

which equates to an areal density of (9.6_+0.9)x105 nuclei/cm 2 t. This density is of the same order as

those found in the LDEF analysis (ref. 1) of the polished aluminium plate in Experiment A0114

((6.7+1.0)x105 nuclei/cm 2) and an anodized aluminium experiment tray clamp ((4.6_+0.5)x105

nuclei/cm2).

qt should be noted that these levels of radioactivity are exlremely low; this areal density equates to

an activity from the access door surface of 3.9 pCi/cm 2, which is less than the background activity in

ordinary window glass alone (4.2 pCi/cm2).
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7BeACCRETIONRATE

Estimationof the accretionrateof theradionuclideis largelydependentuponthe assumptions
maderegardingthealtitudeat which 7Be collection becomes significant, and the efficiency with which

the nuclide is removed when the aircraft is washed, approximately every month, using high-speed

water-jets. The accretion rates (in nuclei-cmZs 1) shown in Table 1 have been estimated based upon the
best and worst case situations for collection and removal efficiencies. These values were calculated

using specific information about the times and durations of the flights (from take-off and above

50,000 feet) before the door was removed, and the date the aircraft was last washed prior to analysis.

Naturally the largest value for the 7Be collection rate (41 nuclei-cmZs -_) relates to when the nuclide has

the least opportunity to accumulate on the surface; i.e. collection is only finite (and constant) above

50,000 feet, and the cleaning process is 100% efficient. Conversely, if both these factors are in favour

of prolonged accumulation (deposition of 7Be begins just after take-off, and washing removes none of

the contaminant) the value becomes 1.2 nuclei-cm'Zs 1. It should be noted that the assumption that the

airframe begins to accumulate an appreciable amount of 7Be immediately after take-off is clearly

unrealistic (ref. 5), and this value is only given to indicate that changing the altitude at which

collection starts is not as important to the accretion rate as the effects of surface-cleaning.

DISCUSSION

In Table 1, for two of the cases the percentage efficiency of the collection mechanism is given

in parentheses. To calculate these values it was assumed that the 7Be concentration above 50,000 feet

was -0.1 nuclei/cm 3 (ref. 1). It can be seen that in both instances the efficiency is significantly less

than 100%. Therefore, unlike in the case of LDEF, there appears to be a sufficient concentration of the

radionuclide at Concorde altitude to explain the high accretion rate, although this is dependent upon

the exact mechanism by which the 7Be attaches itself to the aircraft, a process which is as yet to be

explained.

Any mechanisms which are hypothesized to explain 7Be accretion on high-altitude aircraft must

be capable of explaining the collection of the radionuclide on surfaces which are almost tangential to

the velocity vector of the aircraft (and hence to the mean airflow), since the access door from

Concorde was located towards the centre of the wing and not on a leading edge. Indeed any future

experiments which investigate this process should be aimed at determining the collection rate as a

function of the air velocity local to the sample, and the 7Be depth profile in the sample, as well as the

atmospheric density of the nuclide. Such experiments could involve, for example:

(1) Placing foil patches on various locations of the aircraft surface which may be frequently

replaced (so that they do not build up deposits of oil or get washed), and which may then be

electrochemically etched to obtain the depth profile.

(2) Flying an active 3'-ray detector in the cabin area (such as the Shuttle Activation Monitor

(refs. 9 and 10), or a germanium detector) to measure the 7Be density in the atmosphere -
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althoughcarefulconsiderationwill obviouslyhaveto begivento thehigh %,-raybackground
expectedfrom beingnearthePfotzermaximum.

ACKNOWLEDGEMENTS

The authorswould like to thankDougWalkerandPatColledge (of the Flight Data Recording
Group, British Airways at Heathrow Airport) for the enthusiastic assistance they have given in the
analysis which is presented in this paper.

252



REFERENCES

. Fishman, G.J., Harmon, B.A., Gregory, J.C., Parnell, T.A., Peters, P., Phillips, G.W., King, S.E.,

August, R.A., Ritter, J.C., Cutchin, J.H., Haskins, P.S., McKisson, J.E., Ely, D.W.,

Weisenberger, A.G., Piercey, R.B., and Dybler, T.: Observation of 7Be on the surface of

LDEF spacecraft. Nature, 349, 1991, pp678-680.

. Phillips, G.W., King, S.E., August, R.A., Ritter, J.C., Cutchin, LH., Haskins, P.S., McKisson, J.E.,

Ely, D.W., Weisenberger, A.G., Piercey, R.B., and Dybler, T: Gamma Radiation Survey of

the LDEF Spacecraft. Proceedings of the First LDEF Post-Retrieval Symposium, NASA

CP- 3134, 1992.

. Gregory, J.C., Fishman, G.J., Harmon, A., Parnell, T.A., Herzog, G., Klein, J., and Jull, A.J.T.:

The interactions of atmospheric cosmogenic radionuclides with spacecraft surfaces.

Proceedings of the First LDEF Post-Retrieval Symposium, NASA CP- 3134, 1992.

4. SandstrtSm, A.E.: Cosmic-ray physics. North-Holland Publishing Company, Amsterdam, 1965.

5. Ben, off, P.A.: Cosmic ray production rate and mean removal time of beryllium-7 from the

atmosphere. Phys. Rev., 104, 1956, pp1122-1130.

6. Parnell, T.A.: Summary of the First LDEF Post Retrieval Symposium (ionizing radiation). LDEF

Spacecraft Environmental Effects Newsletter, 2 No. 3, 1991.

7, Truscott, P.R.: Application of the effective solid-angle method of calculating absolute peak

efficiencies to extended cylindrical sources. Defence Research Agency (Aerospace Division)

Working Paper SP-90-WP-60, 1990.

t Truscott, P.R.: Methods for estimating absolute efficiencies of germanium detectors for cylindrical

sources using geometric reduction. Defence Research Agency (Aerospace Division) Working

Paper SP-91-WP-18, 1991.

e Haskins, P.S., McKisson, J.E., Ely, D.W., Weisenberger, A.G., Piercey, R.B., Dyer, C.S.,

Ramayya, A.V., and Camp, D.C.: The Shuttle Activation Monitor: A system for direct

comparison of gamma-ray detector materials in a space environment. IEEE Trans. Nuc. Sci.,

37, No. 3, 1990, pp1256-1263.

10. Haskins, P.S., McKisson, J.E., Ely, D.W., Weisenberger, A.G., Ballard, T.A., Dyer, C.S.,

Truscott, P.R., Piercey, R.B., Ramayya, A.V., and Camp, D.C.: Performance of a BGO

detector in low-Earth orbit. IEEE Trans. Nuc. Sci., 38, No. 3, 1991.

253



TABLE 1
7Beaccretionrate(nuclei-cm2s-_)andaccretionefficiency,in parentheses

Efficiency with which
nuclideis removedduring

cleaning:

Altitude at whichcollection starts:

>50,000feet Immediatelyafter
take-off

All contaminantremoved 41+4 (-0.7%) 26_+0.3

No contaminantremoved 1.9-&0.2(-0.03%) 1.2_+0.1

access door location

FIGURE 1

Plan view (silhouette) of Concorde indicating location of
access door used in activation analysis
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ABSTRACT

High eneTgy proton induced nuclear reaction products are examined using seven elements, namely;
Aluminum, Silicon, Nickel, Copper, Zirconium, Tantalum and Tungsten. We detected activities
due to 22Na from AI, 56(2o and 57Co from Ni, 58Co from Cu and 88y from Zr targets. No

induced activity was observed in Si, Ta and W, most probably due to the long cooling times. Only

the Zr sample contained a weak 7Be peak, although Ta and W were also located at the leading edge
of the spacecraft. Gamma-rays of individual isotopes were measured using high-resolution Ge(Li)

solid state detector coupled to 4096-multichannel analyzer. Activities were calculated for 56Co
(846 keV) and Co-57 (122 and 136 keV's) at the time of the entry of the spacecraft and found
to be 0.014+_0.005 c/sec, g, 0.018_+0.002 c/sec, g, and 0.0024_+0.0007 c/sec, g, respectively.

255





RADIOACTIVITIES OF LONG DURATION

EXPOSURE FACILITY (LDEF) MATERIALS:
BAGGAGE AND BONANZAS

Alan R. Smith and Donna L. Hurley

Engineering Division

Lawrence Berkeley Laboratory

University of California

Berkeley, CA 94720

Phone (415) 486-5679 FAX (415) 486-4122

N92-23

ABSTRACT

Radioactivities in materials onboard the returned Long Duration Exposure Facility (LDEF) satellite

have been studied by a variety of techniques. Among the most powerful is low-background Ge-

semiconductor detector gamma-ray spectrometry, illustrated here by results obtained at the

Lawrence Berkeley Laboratory's (LBL) Low Background Facilities, in a multi-laboratory

collaboration coordinated by Dr. Thomas Parnell's team at the Marshall Spacecraft Center,

Huntsville, Alabama.

The observed radioactivities are of two origins: those radionuclides produced by nuclear reactions

with the radiation field in orbit; and, radionuclides present initially as "contaminants" in materials

used for construction of the spacecraft and experimental assemblies. In the first category are

experiment-related monitor foils and tomato seeds, and such spacecraft materials as aluminum,

stainless steel, and titanium. In the second category are aluminum, beryllium, titanium, vanadium,

and some special glasses.

INTRODUCTION

The voyage of the Long Duration Exposure Facility (LDEF) in low earth orbit was

unexpectedly extended to nearly 6 years -- several years longer than originally planned. This

circumstance greatly enhanced the opportunity for post-flight measurement of induced-activity

radionuclides created in onboard samples and spacecraft materials. Our earthbound task is to

measure these minute quantities of radioactivity -- as many as possible and as accurately as we are

able, to insure the description of the radiation field calculated from these measurements will reflect

the reality of LDEF' experience. Since the quantities of radioactivity to be measured are so small

compared to normally encountered terrestial intensities, we must apply the most advanced

techniques in radiation detection, in particular: detectors with very high sensitivity and energy

selectivity, operated in environments that provide the lowest possible interference (background)

with respect to the signals we seek to record.

In the broader context, participation in the LDEF analysis program is truly an opportunity of

a lifetime. We consider it a rare privilege to be a part of this worldwide team, and an honor to

contribute this report to the Symposium Proceedings.
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DETECTOR SYSTEMS AND EXPERIMENTAL PROCEDURES

At LBL, "low-background" radiometric analysis is done at two facilities, one at Berkeley

and one at Oroville, using three high-resolution T-ray spectrometer systems based on high-purity

intrinsic germanium semiconductor detectors. All three detectors are of the closed-end coaxial

type, with "rated" efficiencies of about 30% -- relative to the efficiency of a 3-in. diameter by 3-in

length Nal (T1) scintillation crystal detector for the 661 KeV _t-rays from Cs-137.

The GEM and NGEM systems are at the Berkeley Low Background Facility (a large room-

size facility shielded by 5 feet of low-activity concrete), and use p-type germanium detectors. The

GEM detector has a passive Pb shield, while the NGEM detector has a passive Pb shield that is

surrounded by an active cosmic-ray veto "shield". Data are collected in the format of 8192-channel

multi-channel analyser (MCA) spectra, usually spanning the energy range 35 - 3600 KeV. The

MERLIN system has a passive Pb shield, and is located under 600 feet of bedrock at the LBL

Oroville Facility. Data are collected in the format of 4096-channel spectra, usually spanning the

energy range 15 - 3300 KeV.

The background (BKG) spectra of our Ge-detector 7-ray spectrometers exhibit two

distinctly different characteristics: relatively featureless and slowly varying continuous

distributions that extend across the entire energy range, and well-isolated peaks superimposed on

this continuum. The sharp peaks contain all the information used here for identification and

quantification of radionuclides. It is a fortunate circumstance that induced-activity peaks we need

to measure rarely overlap peaks in the BKG distributions; hence, our sought-after peaks are usually

measured only against the continuum component of the BKG.

Representative values of BKG continuum counting rates are listed below for the three LBL

systems. Count rates are given for several energies, in units of counts per minute in a 5-KeV wide

interval of suitable width for measurement of a small peak:

5-KeV Wide Interval

Energy GEM NGEM MERLIN

KeV c_Jmin _ c/min

500 0.15 0.04 0.015

1000 0.045 0.012 0.004

1500 0.022 0.008 0.002

2000 0.016 0.0035 0.0006

3000 0.0077 0.0014 0.00023

The MERLIN system at Oroville has by far the lowest background of any system available

for these measurements, and so is the "star" in our LDEF sample analysis program. It always

provides the most accurate results on measurement of the smallest peaks; hence, samples that

required measurements for both the lowest intensity peaks and the most comprehensive

radionuclide inventories were analysed with the MERLIN system.
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Sampleanalysistimesrangedfrom asshortasafew 10'sof minutesfor someof thesystem
efficiencycalibrationrunsto aslongas10000minutesfor runson thelowest-activityLDEF
samples.Sampleswerealmostalwayscounted at a position as close as possible to the detector --

directly on the flat end face of the detector vacuum vessel, a distance of 6 to 10 mm (detector-

dependent).

The tabulation of results appearing in the following sections includes the counting rates

observed from the diagnostic peaks used for assay of each radionuclide, and estimates for the

decay-corrected absolute activity of each radionuclide, in units of pico-curies per kilogram

(pCi/Kg) of metal. The count rates represent net peak areas obtained directly from spectral data in

units of counts per minute (c/min), with associated uncertainties of one standard deviation (S.D.)

that are based only on the statistics of counting data. Each net peak area was determined through

an operator-controlled MCA-resident algorithm: the area equals the difference between the summed

counts in the peak-containing interval and a linearly interpolated continuum whose magnitude is

determined from the interval endpoints. No use was made of algorithms that employ channel-by-

channel peak-shape fitting.

Calculations for absolute radionuclide activities are based on nuclear parameters given in the

most recent edition of Table of Isotopes (Ref 1). Conversion of peak count rates to absolute

activity values also incorporate empirically determined parameters for detection efficiency and

combined geometric/absorption corrections for the three spectrometer systems used in these

measurements. Any summing effects that may occur in detectors from cascade (coincident) y-rays

are NOT taken into account in these preliminary analyses. The calculated activity values have NOT

been adjusted to conform with any assumptions relating the degree of secular equilibrium between

in-orbit activating particle flux and the activity level existing at satellite recovery time. The only

time-domain correction applied was to account for the decay of each radionuclide between recovery

time and the time of y-ray spectrometric analysis.

The evaluation of uranium-series disequilibrium observed in some materials was greatly

facilitated through use of the comprehensive lists of y-rays from this decay chain assembled in the

early 1970's by Smith and Wollenberg (ref 2). These lists detail the three decay chains (U-238), U-

235, and Th-232), giving energies and intensities appropriate to equilibrium conditions for all

known y-rays in each chain.

RESULTS OF GAMMA-RAY SPECTROMETRIC MEASUREMENTS

Metal Radioactivation Monitors

Among the "Intentional Samples" onboard the LDEF satellite were four sets of five different

metal "foils", specially selected for their nuclear reaction properties. Radioactivities (with

appropriately long halflives) induced in these materials during spaceflight would be measured after

satellite recovery, to provide valuable insight on characteristics of the integrated radiation exposure

received in orbit. The selected metals were cobalt, indium, nickel, tantalum, and vanadium (Co, In,

Ni, Ta, V), in the form of 2-inch squares of 1/8" thickness. All sets of metals were recovered and

later distributed to several of the participating laboratories for radiometric analysis.
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We initially receivedthe4-membersetfromExperimentP0006(on thesametrayasthe
tomatoseeds);therewasnocobaltsquarein thisset. Laterin 1990wereceivedthethreeother
indiumsquares,to pemaitanalysisof all 4membersof thiselementat thesamelaboratory.We
alsoreceivedthethreecobaltmembersin July1991,andarepresentlymeasuringtheirradioactive
content.

Reportedherearequantitativeresultsfor themajor _/-emittingradionuclidesfoundin all
four membersof theExperimentP0006set,all four indiummembers,andtwo of thethreecobalt
members.Tabulationsincludethecountingratesobserved from the diagnostic peaks used for

assay of each radionuclide, and estimates for the decay-corrected absolute activity of each

radionuclide in units of pico-curies per kilogram (pCi/Kg) of metal. The count rates listed

represent net peak areas obtained directly from spectral data in units of counts per minute (c/rain),

with associated uncertainties of one standard deviation (S.D.) that are based only on the statistics of

counting data.

Cobalt Metal Monitors

The three cobalt members were received in July 1991 and are presently being analysed.

Preliminary results from two cobalt squares are included here. (Note, there was no cobalt in the

Experiment P0006 set.) No evidence was found for the presence of radioactivity brought in this

material from earth. Note however, the same suite of Uranium-series radionuclides observed in

Vanadium Square #4 and the titanium alloy clips (see elsewhere, this report) were observed in

"reactor grade" cobalt samples obtained at LBL in the early 1960's. The following tabulation

summarizes results obtained from 10000-minute runs on the GEM and NGEM system at our

Berkeley facility.

Observed Activity

Obs. Diagnostic Net

Samp_le Nuclide Peaks Peaks (KeV) _q/min S.D. pCi/Kg S.D.

Co#C9 Mn-54 1 835 0.143 0.004 40.8 1.1

Co-57 2 122 0.772 0.010 124.9 1.6

Co-60 2 1173+1332 0.141 0.004 18.6 0.5

Co #G12 Mn-54 1 835 0.076 0.004 28.0 1.4

Co-57 2 122 0.404 0.008 83.6 1.7

Co-60 2 1173+1332 0.118 0.004 20.0 0.7

All three radionuclides observed in both cobalt squares were measured with good statistical

precision. The activities of Co-60, a product of slow-neutron capture, were seen to be nearly the

same in both samples. However, the activities of Mn-54 and Co-57, products of energetic-particle

reactions, were about 1.5 times greater in Co #C9 than in Co #G12. This ratio is similar to the

north/south ratio for activities measured in near-surface trunnion slices (see the section on

Trunnion Slice Activities).
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IndiumMetalMonitors

The y-ray spectral data from Indium Square #4 were acquired in late March I990, about 2

months after LDEF recovery, and contained peaks from seven different space-produced

radionuclides (Co-60, Y-88, Rh-I01, Rh-102, Ag-110m, Sn-113, and In-114m). Data were also

acquired from the indium members belonging to the other three monitor sets, received at a later time

and analysed during the period June-July 1990. Space-produced radionuclides observed in these

three samples included Rh-102, Ag-110m, Sn-113, and In-114m. No evidence was found for the

presence of radioactivity brought in this material from earth.

Each sample was counted for approximately a one-week period. The MERLIN system was

used to analyse samples #4 (Experiment P0006), C9 (IC9-IN), and Bars. Indium G12 (G-12-B-

3-F) was analysed with the NGEM system at Berkeley. Results are tabulated below for the four

radionuclides Rh-102, Ag-110m, Sn-113, and In-114m.

Observed Activity

Obs. Diagnostic Net

Sam__le Nuclide Peaks Peaks (KeV) g/min S.D. pCi[Kg S.D.

In #4 Rh-102 5 475 0.010 0.004 2.2 0.9

Ag-ll0m 5 657+884 0.026 0.005 5.1 1.0

Sn-ll3 1 392 0.121 0.008 54.0 3.6

In-114m 1 191 0.042 0.008 105. 20.

In #C-x) Rh-102 475 0.013 0.002 3.2 0.4

Ag-110m 657+884 0.016 0.002 3.9 0.5
Sn- 113 392 0.059 0.004 40.9 2.7

In-114m 191 0.008 0.005 55. 35.

In #G12 Rh-102 475 0.014 0.002 2.3 0.3

Ag-110m 657+884 0.014 0.002 2.3 0.3

Sn-I I3 392 0.047 0.003 2I .0 1.2

In-I I3m i91 0.008 0.003 35. I5.

In Bars Rh-102 475 0.006 0.002 2.2 0.6

Ag-110m 657+884 0.008 0.002 3.2 0.8

Sn-113 392 0.025 0.003 35.1 4.2

In-114m 191 0.008 0.005 190. 115.

While the statistical precision is adequate for comparing Sn-113 values, activity values for

the other three radionuclides have large uncertainties and are marginally suitable for comparison

purposes. Quantitative use of values for relatively short-lived In-114m is not recommended,

except possibly from Indium #4, which was received and counted much earlier than were the other

three samples.
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NickelMetalMonitor#4 (ExperimentP0006)

TheT-rayspectraldatafrom thissamplewereacquiredabout2-1//2monthsafterLDEF
recovery.Manypeaksfrom space-producedradionuclideswerepresent;in addition,therewasno
evidencefor thepresenceof radioactivitybroughtin thismaterialfrom earth.Theresultstabulated
belowwereobtainedfromaMERLIN systemrunof 10476minutesdurationattheendof March
1990.

Observed Activity

Obs. Diagnostic Net

SampA_ele Nuclide Peaks Peaks (KeV) .q'min S.D. pCi/Kg S.D.

Ni #4 Sc-46 2 889+1121 0.0065 0.0017 1.6 0.4

Mn-54 1 835 0.0973 0.0033 27.3 0.9

Co-56 9 847 0.0714 0.0029 33.2 1.3

Co-57 2 122 2.098 0.0029 322. 2.

Co-58 1 811 0.0851 0.0033 41.7 1.6

Co-60 2 1173+1332 0.0288 0.0021 4.7 0.3

Of the six radionuclides reported here, all have activity values with good statistical precision

except for Sc-46. All six radionuclides are products of energetic-particle reactions. In addition, a

tiny peak appeared in the spectral data at about 1274 KeV energy, indicating the possible presence

of Na-22 at a very low level (about 0.5 pCi/Kg); this nuclide was most likely produced by

interactions with the galactic cosmic rays.

Tantalum Metal Monitor #4 (Experiment P0006)

The y-ray spectral data from Tantalum Square #4 were acquired from a MERLIN run of

8562 minutes duration in late March 1990. The data are rich in observable peaks, although a

relatively small number of radionuclides is responsible: the five nuclides Lu- 172, Hf- 172, Lu- 173,

Hf-175, and Ta-182 generated at least 40 observable peaks. Results are tabulated below for the

four radionuclides Lu-172, Lu- 173, Hf-175, and Ta-182.

Samp!e

Ta #4

Observed Activity

Obs. Diagnostic Net

Nuclide Peaks Peaks (KeV) __min S.D. pCi/Kg S.D.

Lu-172 20 1093 0.128 0.004 35.9 1.1

Lu-173 1 272 0.107 0.006 161.4 8.3

Hf- 175 1 343 0.121 0.006 36.6 1.9

Ta-182 18 (5 peaks) 0.307 0.008 90.3 2.3
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All fourradionuclideslistedaboveweremeasuredwith goodprecision.Oneof the

dominant activities, 115-day halflife Ta- 182, was produced by slow neutron capture in Ta- 181. Its

production mechanism is similar to that for production of Co-60 from Co-59; its activity can be

compared to the Co-60 activity in Cobalt Square C9 and G12, given in an earlier section of this

report. A simple calculation implies the observed Ta-182 activity is significantly greater (perhaps

2-fold greater) than would be expected from a tantalum monitor located with either of the two

cobalt monitors. The proximity of Ta #4 to a substantial quantity of hydrogenous moderator (the

tomato seeds, for example) could serve to explain such a circumstance.

All other listed radionuclides were produced by energetic-particle reactions, predominantly

energetic protons. The other dominant radionuclide, 6.7-day halflife Lu-172, reflects the presence

of its parent, 1.37-year halflife Hf-172; thus its activity actually provides a measure of Hf-172

activity.

We found no evidence for the presence of primordial terrestrial radionuclides in this sample

of tantalum. This negative finding is consistent with results obtained at LBL on the "natural"

radioactivity of this material, in connection with use of similar-size pieces of tantalum in fast

neutron flux integrators over the past 25 years.

Vanadium Metal Monitor #4 (Experiment P0006)

The y-ray spectral data were acquired 3 months _ffter LDEF recovery, and contained few

peaks that originated from space-produced radionuclides. The results tabulated below were

obtained from a MERLIN run of 9748 minutes duration in mid-April 1990.

Observed Activity

Obs. Diagnostic Net

Sam p_!e Nuclide Peaks Peaks (KeV) _min S.D. pCi/Kg S.D.

V #4 Sc-46 2 889+1121 0.042 0.003 17.4 1.1

Uranium Concentration: U-235 (via U-235) 1.5

U-238 (via Pa-234m) 1.1

0.1 ppm

0.2 ppm

The only space-produced radionuclide measurable at counting time was 84-day halflife

Sc-46, produced by energetic-particle reactions, predominantly energetic protons. Many other

peaks were present at above-BKG intensities, revealing the presence of "baggage" brought from

earth as a consequence of the origin and processing of this metal.

The "/-my evidence is interpreted to show the presence of uranium at a mass concentration of

1.5 ppm (parts per million), or about 500 pCi/Kg. The U-235BA-238 ratio appears to be normal

within statistical accuracy of the data. Late members of the U-238 series (Ra-226 and daughters)

are virtually absent. The comparable late members of the U-235 series were not observed;

however, their expected intensities based on equilibrium with the observed U-235 concentration,

would be obscured by the spectrometer system BKG. (See comments elsewhere in this report

concerning the titanium alloy radioactivities.) Several peaks useful in Th-series assay (238,583,
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911,2614Kev) areslightlyaboveBKGintensities,indicatingamassconcentrationof about 0.1

ppm (20 pCi/Kg), with a 30% uncertainty (standard deviation). Th-series disequilibrium cannot be

accurately determined from data of such poor precision.

This suite of radionuclides in vanadium has been observed previously at LBL, dating from a

sample obtained in 1960. We have observed the same radionuclides in titanium alloy Type 6-4,

(discussed elsewhere in this report) and in several other samples of this alloy obtained in the last 5

years as candidate material for low-level counting systems.

Tomato Seeds

Representative samples of tomato seeds (from the SEEDS Experiment, described elsewhere

in this Proceedings) retrieved from the LDEF satellite were analysed for long-lived gamma-emitters

with LBL's lowest-background T-spectrometer, the MERLIN system, located underground in the

power plant of the Oroville Dam (a facility of the California Department of Water Resources).

Four 50-gram sealed-in-plastic packets were received, one from each of Layers A, B, C, D of

Canister 3 -- wherein Layer A was least shielded and Layer D most heavily shielded from Space

Radiation. Short runs (about 1000 minutes) on the A and D packets failed to disclose any

differences in their respective content of radionuclides. All four packets were then counted

together to achieve maximum sensitivity, in a run of 6767 minutes duration.

The dominant radionuclide observed in all three runs was K-40, the naturally occurring

radioisotope of potassium, present as a consequence of the potassium content of the seeds. Both

Be-7 and Na-22 were detected at very low concentrations in this 4-packet run, produced from

energetic-particle reactions on carbon, nitrogen, oxygen, and sodium--major chemical elements in

the seeds. These findings are summarized as follows:

Potassium (1461 Kev): 2.39 + 0.01 c/min ---> 5400 pCi/Kg

Be-7 (477 KeV): 0.014 + 0.002 c/min --_ 16 pCi/Kg

Na-22 (1274 KeV): 0.0095 4-0.0014 c/min --9 2 pCi/Kg

The induced activity intensities are totally inconsequential, even in comparison to the (benign)

activity of essential potassium. The appropriate LDEF researchers were notified immediately of

our radiometric analysis results, to facilitate quick distribution of tomato seeds to the millions of

eager young grower-participants.

SPACECRAFT STRUCTURAL MATERIALS

Titanium Alloy Clips

Four sets of titanium alloy Type 6-4 (90% Ti, 6% A1, 4% V) two-piece "clips" (#916AE2,

#916A12, #920FE1, #920FI1) were sent to LBL for special study, arriving in late June 1990 and

analysed immediately thereafter. The only space-produced radionuclides measurable at analysis

time were Na-22, Sc-46, and possibly Ti-44. The observed Sc-46 counting rates (889 and 1121

KeV peaks summed) were in the range 0.1 - 0.2 c/min, which translated into an estimated activity



levelof 30- 40pCi/Kg atsatelliterecoverytime. (Theseestimateswill berefinedfor inclusionof
moreprecisevaluesin thelatercomprehensivereport.)TheNa-22activityis estimatedat about4
pCi/Kg,andcouldhavebeenproducedmainlybyreactionson the6%abundantaluminum
component,ratherthanbyhigher-energyreactionson the90%abundanttitaniumcomponent.(See
thesectiononAluminumKeelPlates,thisreport.)

Detailedanalysisof the T-my spectral data reveals the presence of a significant concentration

of uranium in this material--in the range 12-14 ppm uranium by weight; in fact, uranium series T-

ray peaks are dominant in these spectra. The y-ray evidence confirms existence of a "normal" U-

235/U-238 ratio. Later members of the U-238 chain, Ra-226 and its T-emitting daughters are

virtually absent; however, the later T-emitting members of the U-235 chain, Th-227 through Pb-

211, are present in concentrations appropriate to the observed U-235 abundance. The thorium

series is not present in measurable concentration.

We have analysed a number of pure titanium samples at LBL in the past 10 years; none

contained measurable uranium (at a detection limit of about 0.003 ppm), and thorium only in the

range 0.01 - 0.05 ppm. Several other samples of titanium alloy 6-4 have also shown the presence

of the same radionuclides seen in the LDEF parts,but at lower concentrations. The 6% aluminum

component could reasonably contribute only 0.05 - 0.1 ppm thorium and 0.02 - 0.05 ppm uranium

to the alloy.

This unusual suite of radionuclides is believed to enter the alloy through the 4% vanadium

component. (We have previously observed these radionuclides in samples of metallic vanadium.)

Implicitly, there must have been a uranium concentration of about 300 ppm in the vanadium

fraction of the alloy. Note that carnotite is a major ore of vanadium, and is also a major ore of

uranium. The chemistry of the vanadium recovery process could allow uranium and Ac-227, the

21.6-year halflife parent of the observed U-235 daughters, to come through into the finished

product, while at the same time rejecting Ra-226 and thorium.

Whatever the route, the presence of these radionuclides at concentrations of the magnitude

observed in the LDEF parts is of serious concern to designers of any spacecraft instrument

packages that contain nuclear radiation detection systems whose BKG responses are to be
minimized.

Trunnion Section Slices

One of our major efforts was to establish depth profiles for induced activities in sections cut

from the 3.25-inch diameter stainless steel mannions. (See elsewhere, this Proceedings, for

description of these spacecraft parts.) Our sample suites included four sets of radially-cut slices

from both north-facing and south-facing quadrants of trunnion sections LHG and RHG. The outer

faces of slices (N1, S1) are the actual trunnion surface, while the inner faces of slices (N7, $7)

represent material at a depth of about 1.0 inches (-20 g/cm 2) below this surface. Slices ranged in

thickness from 0.034" to 0.251 ", and weighed between 19.3 and 75.1 grams. Spatial positions of

the slices are as follows:
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Slice DepthInterval
Number Inches

1 0.000 - 0.034

2 0.049 - 0.114

3 0.128 - 0.232

4 0.247 - 0.383

5 0.398 - 0.564

6 0.578 - 0.774

7 0.789- 1.040

All three spectrometer systems were used for this series of measurements, spanning the

interval from April 1990 through June 1991, employing sample counting times that ranged from

2400 to 10100 minutes. Results are tabulated here for the two radionuclides (Mn-54 and Co-57)

that dominated after the unavoidable decay period of 2 months between the time of satellite

recovery and sample availability. Much smaller quantities of the radionuclides Na-22, Sc-46, Co-

56, Co-58, and Co-60 were also observed in some of the slices. These results will be included in a

later report summarizing all the measurements made at LBL on samples from the LDEF satellite
mission.

Observed count rates for the Mn-54 834KeV peak ranged from 0.074 c/rain to 0.470 c/min;

rates for the Co-57 122 KeV peak ranged from 0.021 c/rnin to 0.177 c/rain. The resulting Mn-54

values are of higher precision than are the Co-57 values, mainly because of the greater peak count

rates, but also as a consequence of the lower BKG rate at the higher _,-ray energy.

Tabulated below are calculated active values for both Mn-54 and Co-57, in units of pCi/Kg

of sample. The "S.D." values are in terms of a single standard deviation on counting data, as

propagated through the calculations, and do not include any estimates of uncertainty in detection

efficiency or non-uniformity in sample activity.

Trunnion Mn-54 Co-57 Trunnion Mn54 Co-57

Slice _ S.D. _ S.D. Slice _ S.D. _ S.D.

LHG N1 171.3 6.0 38.0 3.6 RHG N1 (not available)

N2 137.3 5.2 33.2 1.6 N2 85.1 2.6 21.7 1.5

N3 117.5 3.7 25.0 1.6 N3 84.4 3.2 19.7 2.3

N4 105.1 2.0 21.8 0.9 N4 75.3 1.7 18.9 1.0

N5 95.0 2.5 22.9 1.6 N5 (not counted)

N6 93.1 3.8 21.6 2.5 N6 73.2 1.7 17.2 1.3

N7 97.0 3.2 18.5 2.2 N7 65.5 3.1 17.0 3.4

$7 82.6 2.6 17.1 2.2 $7 62.7 2.8 16.4 2.5

$6 73.4 2.8 17.1 1.6 $6 61.5 2.3 12.4 1.7

$5 69.3 2.1 13.4 1.3 $5 65.1 2.1 13.6 1.4

$4 68.4 2.8 14.0 1.7 $4 59.6 2.0 11.6 1.3

$3 75.8 2.4 15.3 1.1 $3 70.7 2.4 14.2 1.0

$2 88.2 2.7 15.9 1.0 $2 84.6 2.4 18.0 1.1

S 1 107.3 4.7 20.9 3.0 S 1 (not available)
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TheMn-54activityvaluesin thenorth-sideprofileof trunnion section LHG are higher than

values in the south-side profile, where the average for the N/S ratio is about 1.56 for the first four

outer layers. Activity values for the N7 and $7 slices suggest there may be a broad low peak of

Mn-54 activity located near the center of the trunnion section. We can explain the major features of

these profiles in a qualitative sense. The inwardly descending profiles are the result of interactions

with trapped protons, while the broad centrally located "peak" is associated with additional

interactions caused by the buildup of secondaries produced by the very energetic galactic cosmic

rays. The north-side and south-side Mn-54 activity profiles for the RHG section are much more

similar in magnitude than were observed from the LHG section set. The Co-57 activity prof'fles

from both trunnion sections are similar in shape to their Mn-54 counterparts. However, the lower

precision of Co-57 data makes it less appropriate to ascribe the same kind of detailed description as

is possible for the Mn-54 profiles.

Co-60 was detected in some of the slices, at count rates in the range 0.003 - 0.006 c/rain for

each of the two peaks. The data are of relatively low precision, making for large uncertainty in the

shapes of activity-vs-depth profiles, and hence difficulty in determining whether this activity is

space-produced. The implied Co-60 activity values are on the order of 1 pCi/Kg, and fall within

the range of Co-60 content of earth-bound stainless steels analysed at LBL, dating from material

obtained in the mid 1960's to the present. Analysis of stainless steel "blanks" traceable to the

LDEF trunnions could clarify this situation.

Aluminum Keel Plate Radioactivity

Two aluminum (alloy 6061) Keel Plates (KP-4 and KP-9) were analyzed in early 1991, at

which time the only measurable space-produced radionuclide was Na-22. (Analysis of two

aluminum alloy Scuff Plate Spacers in late March 1990 also revealed the presence of Be-7, as well

as the much longer-lived Na-22.) We also obtained values for the "natural" radioactivity content of

the keel plate alloy. Tabulated below are results for both space-produced and "natural"
radionuclides:

Diagnostic Observed Activity

Samp___le Nuclide Peak(KeV) c/min S.D. Cip__C20_ S.D.

KP-4 Na-22 1274 0.238 0.012 140 7

Kp-9 Na-22 1274 0.194 0.007 86 3

Uranium (U-235)

Ra-226 (Bi-214)

2 ppm

0.02 ppm (U-equivalent)

Thorium (TI-208) 0.355 ppm

The measured uranium-series and thorium-series radioactivities lie within the ranges

observed for other pure aluminum and aluminum alloy samples analysed at LBL since the early

1960's. (See next section this report.)
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Natural Radioactivity in Spacecraft Materials

We have investigated the "natural" radioactivity of a wide variety of materials at the LBL

Low Background Facilities in an ongoing effort since 1960, through application of high-sensitivity

y-ray spectrometric techniques. These studies have almost always been conducted in support of

specific requirements of various research programs. The resultant body of information relating to

"radioactivity in stuff" is neither comprehensive nor complete, and has usually been passed bit by

bit to those who requested specific analyses, and without explicit formal publication. Even so,

generalities can be gleaned from the 30-year accumulation in this radioactivity "lore" bank that are

relevant to the LDEF mission and to the design and construction of future spacecraft.

While the trace radioactivities in engineering materials are usually inconsequential to their

intended uses--and hence are not deliberately controlled during production, there are two special

cases of concern here in which these radioactivities become very important.

In the first case, their presence in a material interferes with post-flight measurement of

radioactivites induced in the material while it was "exposed" to an in-orbit nuclear particle flux, for

example: measurement at a terrestrial laboratory of space-produced activities induced in LDEF

samples and materials during the satellite's nearly 6-year voyage in low earth orbit. We have

already discussed (earlier sections, this report) the presence of uranium-series nuclides in the

titanium alloy and pure vanadium, as well as the presence of both uranium-series and thorium-

series nuclides in the aluminum alloy. The possibility of earth-borne Co-60 in trunnion stainless
steel has been noted.

In the second case, their presence in an instrument and/or its surroundings interferes with

measurements the instrument is designed to accomplish in real time during a mission. For y-ray

detection, the radioactivities carried aloft in spacecraft and detector assembly materials (baggage)i

may contribute significantly to the detector system BKG response, particularly in the matter of

identifiable peaks -- the most useful features in y-ray spectra. It may be necessary to select

materials of low intrinsic radioactivity, to reduce BKG interference with radiation detection

mission objectives. The brief discussions of materials that follow are supplementary to comments

include earlier, and bear directly on this point.

ALUMINUM: Aluminum and its alloys have been measured to contain uranium at

concentrations ranging from 0.3 to 2 ppm; however, Ra-226 and its late-member 3t-emitting

daughters are virtually absent. Thorium-series y-emitters are present in the range of 0.05 - 2 ppm

equivalent thorium. Note that the y-ray data does not give direct evidence for the content of Th-

232, the parent of the thorium series.

BERYLLIUM: Beryllium has been assayed to contain uranium as the only important

radioactive contaminant. Ra-226 and its y-emitting daughters are virtually absent. Early domestic

production (before about 1970) was from beryl ore and yielded metal containing less than 10 ppm

uranium. Later domestic production (continuing to the present) from bertrandite ore yielded metal

containing 20 - 50 ppm uranium, and recently up to 150 ppm. One sample of metal obtained

recently (1989) from China contained about 4 ppm. Also assayed in 1989 was metal from a small

domestic "stockpile" of high purity metal, which contained only 1 ppm uranium. Another possible
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sourceof low-uranium metal might be the U.S. National Stockpile, which is at least partly stocked

with beryllium recovered from beryl ore.

RARE EARTH OXIDE GLASSES: These glasses are used in high-quality short-focus

wide-aperture lens systems, for example: 35-mm single-lens reflex (SLR) cameras of mid-to upper

price range. The suite of radionuclides described here has been seen in several SLR lens systems,

as well as in samples of "raw" glass. The radionuclides belong to the U-235 series, although

U-235 itself is not present. (U-238 is also not present.) The y-ray evidence confirms presence of

21.6-year halflife Ac-227, the long-lived parent of the observed y-emitters (Th-227 through Pb-

211). Longer-lived Pa-231 may also be present. Uranium concentrations appropriate to the

intensities of daughter T-rays are in the ppm range.

SUMMARY

We have made measurements of in-orbit induced radioactivities and "natural" radioactivities

in a number of samples and materials from the LDEF satellite. Success in this effort required the

use of state-of-the-art low-background germanium semiconductor detector y-ray spectrometric

technology. Results of our measurements, in combination with results obtained at several other

laboratories, will lead to a clearer understanding of the radiation field in which LDEF travelled for

nearly 6 years. This information will be useful in design of future spacecraft, such as Space

StationFreedom. Our LDEF analysis experience can also serve to guide improvements in future

efforts of this kind: arranging more suitable earth-bound analysis facilities, as well as selecting the

types and quantities of materials sent on spacecraft voyages.
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SUMMARY

Twenty-six stainless steel trunnion samples, five aluminum end support retainer plate
samples, two aluminum keel plate samples, and two titanium clips were analyzed. The shielded

high-purity germanium detectors used had relative efficiencies of 33%, 54%, and 80%. Detector

efficiencies as a function of energy and corrections for self-absorption in the samples were

determined with calibrated sources and unactivated control samples. Several measurements were

made on most samples. In the trunnion samples, 54Mn and 57Co were seen and limits were

obtained for other isotopes. The results agree well with 1-dimensional activation calculations for an

anisotropic trapped proton model. In the aluminum and titanium samples, 22Na was seen. Other

results are presented.

INTRODUCTION

Los Alan_s National Laboratory is one of several laboratories involved in the analysis of

induced radioactivity in samples from the Long Duration Exposure Facility (LDEF). We analyzed

samples of the spacecraft rather than samples deliberately placed on board. The goal of this work

was to provide data that could be used in modeling calculations to determine the integrated

radiation environment at LDEF. From these results the radiation environment of Space Station

Freedom and other spacecraft in similar low-Earth orbits can be predicted.

The 20 samples from section D of the mannions were received about 65 days after the shuttle

Columbia landed with LDEF at 12:30 am PST on 20 January 1990. We corrected all induced
radioactivities to this time. The end support retainer plate, trunnion sections C, H, and N, titanium

clip, and keel plate samples were received about 155, 178, 200, and 430 days, respectively, after
this time.
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EXPERIMENTAL DETAILS

Detectors

We usedthreehigh-puritygermaniumdetectorsto measuregammaraysfrom thesamples.
Thesmallesttwohadefficienciesof 33%and54%at 1332keV relativeto a 3" x 3" NaI(TI)
scintillator.Eachwaspartof anautomatedcountingsystem(figure 1)usedfor programmatic
work atLosAlamos.Thegermaniumcrystalwasshieldedfrom backgroundby severalinchesof
lead.Thesamplesweremountedon thinaluminumplatesandplacedon thecarousel.As each
stationcameintopositionunderthedetector,a hydraulicrampushedthesampleandsample
holderup intopositionsuchthatthealuminumplatewasabout1.46cm from thedetector.Data
wereacquiredintoamultichannelanalyzerandtransferredto acomputerfor storageandanalysis.
Thespectra,whichhad4096channelsfrom -50 keVto 2 MeV, wereanalyzedwith twocodes
basedon theGAMANAL spectralanalysiscodeof GunninkatLawrenceLivermoreNational
Laboratory.(ref. 1).

Thelargestdetector(figure2)hadanefficiencyof 80%.It wasmountedon a portable liquid
nitrogen dewar for field nuclear safeguards work. The sample was placed in contact with the

detector can, which was shielded by 2 to 4 inches of lead. The data were acquired in a PC-based

multichannel analyzer operated manually. Peak areas in the spectra were determined with the code
MAESTRO from EG&G ORTEC.

Efficiencies

The detector efficiencies were determined in geometries similar to those used to measure the

samples. Each sample had to be placed close to the detector, which meant that the efficiencies were
very sensitive to the distance from the detector. Table I lists the radioactive nuclides, half-lives, and

gamma-ray energies in the mixed calibration source provided by A. Harmon of the Marshall

Space Flight Center. The activity was contained in many small spots placed in a matrix on a 2" x

2" sheet of mylar 0.002 inches thick and supported by an aluminum backing .4).020 inches thick.

The activity was sealed in place with another sheet of mylar 0.002 inches thick.
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Plots of the efficiencies at several distances are shown in figure 3. With the source close to a

large detector, summing reduces the efficiencies for the 88y and 60Co gamma rays in the mixed

source. That is, if a radionuclide emits two gamma rays in coincidence, there is a significant

probability that both will interact with the detector thus producing the wrong pulse height and not

being included in the correct peak area. The dashed lines indicate the expected efficiencies without
summing. At larger distances and for smaller detectors, summing was smaller. Note that the

shapes of the efficiency curves for the 33% detector are different at low energy because the 33%
detector had a beryllium window and the other two had aluminum windows, which attenuated the

low energy x-rays, gamma rays, and beta particles. The distances we used were 0 cm with the



80%detectorand1.46cm with the33%and54%detectors.Thecountingratesat5.95cm were
too low for ourLDEF samples.

SelfAbsorption

Selfabsorptionwaslargerin theLDEF samplesthanit is in mostradiochemistrysamples
becausetheLDEF sampleswerethicker.To determinetheselfabsorptionfor the80%detectorwe
placedseveraldifferentthicknesses(x in figure4) of absorberbetweenthesourceandthedetector.
TheabsorberhadthesamecompositionastheLDEF samplesexcept,of course,it hadnotbeen
activated.Thisprocedurevariednotonly theabsorptionbutalsothedistancefrom thesourceto the
detector.Eachmeasurementdeterminedthecombinedefficiencyandselfabsorptionatthedistance
x in theLDEF sample.Integratingoverx givestheaveragecombinedefficiencyandself
absorptionasafunctionof theLDEF samplearealdensity(figure5).

For the33%and54%detectorsadifferentprocedurewasusedbecausethesampleshelf
heightcouldonly bevariedin relativelylargesteps.Wechoseto usea shelfheightof 1.46cm.The
sourcemountedonanaluminumplanchetwasplacedon theshelf,andseveraldifferent
thicknessesof absorberwereplacedontop (figure6). Representativedataandfits areshownin
figure7. Theattenuationcoefficientsare~1.2 to 1.25largerthanthosein the literaturebecauseof
thespecialgeometries.

OtherFactors

Otherfactorsarealsoinvolvedinquantifyingtheactivationof thesamples.Counting
statisticswerelimitedby thetimethedetectorswereavailable.Backgrounddeterminationswere
importantbecauseradonlevelsvaryandothermeasurementswerein progressin thefacilities.
Only threesampleholderswereusedwith eachof the33%and54%detectorsbecausewefound
thatbackgroundsvariedwith thesampleholders.Oneholderwasfoundto haveappreciable152Eu
andwasnotusedagain.Thespatialdistributionsof activitiesin thesamplescanaffecttheeffective
efficiencies;weassumedtheywereuniform.Well knownfactorsincludethegamma-rayenergies,
half-lives,branchingratios,samplemasses,anddimensions.
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RESULTSAND DISCUSSIONS

TrunnionSamples

Figure8 showsthelabelingconventionfor thetrunnionsamples.For sectionD (figure 8b),

we analyzed layers two through six on the space side and two through six on the earth side, thus

ten layers per trunnion. Since there were two trunnions, fight hand (east) and left hand (west), we

analyzed a total of 20 layers. The top layers, labeled one, which contained 7Be, (ref. 2) were

analyzed elsewhere. The layers had been flattened when we received them. Note that the

thicknesses varied, which complicated the absorption corrections. The material was 17-4 PH
stainless steel, which contains about 75% Fe, 15% Cr, 4% Ni, and 3% Cu.

The 54Mn and 57Co activities are listed in Table II and plotted in figure 9. Because the

procedures and results for the 33% detector and the 54% detector were very similar, the results

from these detectors have been combined in column two of Table II. Not all of the samples were

counted with the 80% detector because this detector was operated manually and was less available

than the others. The uncertainties shown are one standard deviation (1 o). The values plotted in

figure 9 are averages of columns two and three weighted by 1/o 2. Note that the activities near the

surface are higher because fewer protons penetrate to the the center. The dashed line shows the
region for which we did not have samples. Also note that the activities on the west are higher

because protons trapped by the earth's magnetic field and striking LDEF on the west side are not

limited in energy by the earth's atmosphere. These results are in good agreement with a trapped

proton model calculation, (refs. 3 and 4) except near the center where the results are higher,

probably reflecting production by galactic cosmic-ray particles. There is an indication that the Earth

side had more 54Mn than the space side. We also analyzed thick 3.25-inch diameter disk samples

from sections C, H, and N. Data were taken only with the 80% detector because the samples were

too big to fit into the automated systems on the other detectors. Again 54Mn and 57(20 were

detected. Additional studies of the self absorption in these thick samples are required before we can
quote reliable values.

Limits on 51Cr, 7Be, 22Na, 58Co, 56Co, 46Sc, and 60Co were also determined for all of the

trunnion samples.

Aluminum Samples
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We analyzed five end support retainer plate samples and two keel plate samples. The material

was 6061 aluminum, which contains 1% Mg, 0.6% Si, 0.4% Fe, 0.24% Cu, and 0.2% Or. Figure

10 shows that 22Na is clearly present; limits were obtained for 7Be. Table III gives the value for

22Na determined with the 33% and 54% detectors. With the 80% detector 22Na was seen, but no

values are quoted pending more self absorption studies.



TitaniumSamples

Of thenuclideslistedabove,only 22Na was detected in the two titanium clips we analyzed

(Table IV). The clips used an alloy of titanium with about 6.5% aluminum and 4% vanadium. We

only could set limits (3 o) on the 46Sc, which should be compared with values for the 54Mn in the

trunnion pieces that is made by a similar nuclear reaction. We detected many gamma-ray lines

from uranium and its daughters, which were not expected. We saw lines from 235U and all of its

daughters in equilibrium; we saw lines from the 238U chain down to 234mpa. Because the same

lines have been seen from vanadium, the uranium might have been introduced by the 4%

vanadium in this titanium alloy. (ref. 5) These lines will contribute to the background of gamma-
ray detectors on spacecraft if this titanium alloy is used nearby.

CONCLUDING REMARKS

The sensitivity of this experiment was limited not only by the sensitivities of the counting

facilities used but also by how soon the samples were available and by the physics. Only a few

possible product nuclides emit gamma rays and have sufficiently long half-lives to be counted post

flight. Most activation was due to trapped protons, although the galactic cosmic rays contributed
significantly to shielded locations. This simple LDEF experiment provided fluence data integrated

over a long period of time, which will be useful in designing future spacecraft.
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TABLE I. MIXED RADIOACTIVE SOURCE

Nuclide Half-life Gamma-ray Energies
keV

109Cd 463d 88

57Co 272d 122

139Ce 137d 166

203Hg 47d 279

113Sn 115d 392

85Sr 65d 514

137Cs 30y 662

88y 107d 898,1836

60Co 5.27y 1173,1332
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TABLE II. ACTIVITIES IN THE TRUNNION LAYERS

LH,
LH,

LH,

LH,

LH,

LH,

LH,

LH,

LH,

LH,

D, Space,

D, Space,

D, Space,

D, Space,

D, Space,

D, Earth,

D, Earth,

D, Earth,

D, Earth,
D, Earth,

2

3

4

5

6

2

3

4

5
6

54M n

33% & 54% Detectors

Activity (picoCuri¢_/kg)

57Co

80% Detector 33% & $4% Detectors

95 + 35 126 :t: 18 27 ::!: 17

116+__ 18 30+ 11

86+- 17 111 5:13 12+- 12

89+- 16 20-1- 6

79+ 16 98::1:10 21 + 23

145 + 40 140 + 15 36 +- 19

126+26 31 +- 12

109 + 13 121 + 14 19 + 10

98+- 12 12+- 8
93+__14 97+12 22+ 9

80% Detector

41+-11

8+-9

17+- 7

22+- 9

15 + 10

19+- 9

RH, D, Space, 2 99 + 28 104 + 21 45 + 37 10 5:13

RH, D, Space, 3 94 + 21 -4 + 11

RH, D, Space, 4 83+- 19 81+- 11 12+- 11 9+- 8

RH, D, Space, 5 73 + 22 35 + 22

RH, D, Space, 6 70 + 17 85 + 9 -9 + 29 20 + 7

RH, D, Earth, 2 116+-31 151:t:18 30+21 13+-11

RH, D, Earth, 3 113 + 21 22 5:15

RH, D, Earth, 4 87+-18 94+ 9 12+-11 185:7

RH, D, Earth, 5 79 +_ 16 10 :!: 15

RH, D, Earth, 6 87+17 70+10 10+10 18+ 8

TABLE III. ACTIVITIES IN THE ALUMINUM SAMPLES

Sample 22Na Activity (picoCuries/kg)

ESR 3 103 + 17

ESR 6 113 + 19

ESR 7 114 + 25
ESR 8 122 + 29

ESR 9 117 + 18

KP 1 135 +- 18

KP 12 140 +- 17
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TABLE IV.

Sample

916AC1

920FC2

ACTIVITIES IN THE TITANIUM ALLOY SAMPLES

Activity (picoCuries/kg)

22Na 46Sc

16_+8 < 90 (3 t_)

20 _+9 < 110 (3 _)
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Figure 1. Automatic counting system used with the 33% detector.
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GAMMA-RAY SPECTROMETRY OF LDEF SAMPLES AT SRL

Willard G. Winn

Westinghouse Savannah River Company
Savannah River Site

Aiken, SC 29808

Phone:

N9')-2399. ,:.,

803/725-2057 Fax: 803/725-3272

SUMMARY

9

A total of 31 samples from LDEE including materials of aluminum, vanadium, and

steel trunnions were analyzed by ultra-low-level gamma spectrometry. The study

quantified particle induced activations of _Na, _Sc, 51Cr, 54Mn, 56Co, 57Co, 58Co, and

6°C0. The samples of trunnion sections exhibited increasing activity toward the outer end

of the trunnion and decreasing activity toward its radial center. The trunnion sections did

not include end pieces, which have been reported to collect noticeable 7Be on their

leading surfaces. No significant 7Be was detected in the samples analyzed.

The Underground Counting Facility at Savannah River Laboratory (SRL) was used in

this work. The facility is 50 ft underground, constructed with low-background shielding

materials, and operated as a clean room. The most sensitive analyses were performed

with a 90%-efficient HPGe gamma-ray detector, which is enclosed in a purged active/

passive shield. Each sample was counted for one to six days in two orientations to yield

more representative average activities for the sample. The non-standard geometries of

the LDEF samples prompted the development of a novel calibration method, whereby

the efficiency about the sample surfaces (measured with point sources) predicted the

efficiency for the bulk sample.

INTRODUCTION

Prior to retrieval of LDEF in January 1990, NASA Marshall Space Center initiated a

program for radiometric analysis of the LDEF samples. 1 Due to extensive experience in

ultra-low-level counting of environmental samples at the SRL Underground Counting

Facility, NASA selected it as one of the laboratories for LDEF analyses. SRL received its

first LDEF samples on March 7, 1990, and a total of 68 gamma spectrometry analyses

were conducted on 31 samples submitted during 1990-1991. Round robin gamma

analyses of these or similar samples were conducted at PNL, LNL, LBL, LLL, ORNL,

TVA, and at NASA facilities in Houston, Texas and Huntsville, Alabama.

This report emphasizes the measurements of the induced radioactivity in the LDEF

samples submitted to SRL, whereby it identifies particle reactions for producing the

observed radionuclides, and examines trends within the data. These results will be used

to appraise and improve models for characterizing trapped particles and cosmic rays. 2-4

A special emphasis is also given to the development of efficiencies for these somewhat

unorthodox samples.
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SYMBOLS

Symbols and units are given below. Efficiencies are unitless.

r,z

£(r,z)

c(r)

E

g(0
A,B,p

f

C

U

U(r)

Cylindrical coordinates of sample (cm, cm)
Gamma detection efficiency at sample point r,z

Gamma detection efficiency of sample annulus r

Gamma detection efficiency of sample

Efficiency coefficient equal to c(r,0)

Constant in c(r) fit of Equation 5 ( -, cm-P, - )

Linear gamma attenuation coefficient (cm -1)

Average path length correction factor for il ( - )

Effective gamma geometric attenuation coefficient (cm -1)

c + btf or total attenuation coefficient (cm -1)

U expressed as function of r (cm -1)

MEASUREMENTS

The SRL Underground Counting Facility s was used to conduct gamma spectrometry

on the LDEF samples. This facility is 50 ft below ground, and constructed with

low-background materials. The 4 in. walls of the counting chamber are constructed of

pre-World War II steel. The chamber is shielded by four to 7 ft of specular hematite.

The total overburden is equivalent to 104 ft of water shielding, which reduces the cosmic

background by an order of magnitude. Airborne particles are removed by filtering,

classifying the facility as a Class 10,000 clean room. The very stable spectrometry

electronicsusesan uninterruptable power supply to protect against data losses during

extended counting times.

HPGe detectors with standard efficiencies of 20%, 25%, and 90% were used in this

study. A low-level lead shield encloses each detector and its sample cavity, which is

purged of radon with the nitrogen that evaporates from its LN2 dewar. The 90% HPGe

has an inner shield of cadmium and copper to reduce X-ray backgrounds induced in the

shielding by gammas from the sample. Figure 1 gives a typical background spectrum for

this detector. Near the end of the study, the detector background was further reduced

with an active plastic scintillator shield, which detects cosmic background events in

anti-coincidence with the gamma counting to veto this background. In the present study,

which used 1- to 6-day counting intervals, detection limits 6 for a 6°Co point source atop

these detectors ranged from 0.04 to 0.4 pCi.

A total of 31 LDEF samples were examined by HPGe gamma spectrometry. The

samples were trunnion disks and rectangular slabs of steel, vanadium, and aluminum.

The disks had a diameter of 3.25 in. and 0.4 to 0.9 in. thickness; the slabs had maximum

dimensions of 2 by 2 in 2 area and 0.35 in. thickness. Some of the slab samples were from

radial layers of the trunnion disks. Each sample was counted with one side facing the

detector, and then recounted with its other side facing the detector, so that activity

distributions within the sample could be detected and averaged.
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Detector efficiency calibration for the above samples used a method of mapping the

point source efficiency over the sample surfaces. Point sources of 54Mn, 57C0, 6°C0,

133Ba, and 137Cs were used. Such a non-destructive calibration technique was important

in this work because NASA required the samples be returned intact for round robin

analyses at other laboratories.

ANALYSES

General

The HPGe data were collected as 4000 channel gamma spectra, as illustrated in

Figure 1. The GRABGAM code, 5 which was developed at SRL for low-level counting,

analyzed the spectra. This code uses three peak-area trapping windows, the largest of

which is very sensitive for picking out peaks with low counting statistics. The peaks are

examined as integral probability functions F(x) per channel x to provide better statistics

than afforded by fitting the peaks to differential probabilitiesf0c)dx. Such enhanced

statistics are useful in characterizing the centroids and widths of low-level peaks.

Following the analysis any peak contributions from the background spectrum are

subtracted. The HPGe efficiency analyses procedures are overviewed in Figure 2 where

methods for the trunnion disks and slab samples are outlined. Cylindrical coordinates r

and z, relative to the sample, are used in the development of the HPGe efficiencies.

Trunnion Disks

Figure 2 depicts the counting geometry for a trunnion disk giving the point source

locations used for calibration. Counting the point source at each location yielded an

efficiency _(r,z). The efficiency c of a disk of uniform activity is the average of _(r,z) over

the disk volume V,,

j_ _(r,z) 2rrrdrdz
= (1)

Sv 2rrrdrdz

The only measured _(r,z) are the _(r,h) and _(r,o) on the top and bottom surfaces of the

disk; thus, a model is needed to infer the c(r,z) within the disk. The model assumed in the

present work was

c(r,z) = g(r) e-u(m (2)

where the z-dependence is exponential and the r-dependence is dictated by functions g(r)

and U(r). An exponential is supported experimentally, 7 and it is shown to model both

geometry and material absorption dependencies of the efficiency. 8
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Substituting Equation 2 into Equation 1 yields a ratio of radial area integrals.

.rA c(r) 2_rrdr

^ 2"rrrdr
(3)

where e(r), resulting from integrals over z, is given by

c(r) = g(r)e-u(r)'
-U(r) z

J

c(r,h) - _(r,o)

In[_(r,h)/_(r,o)]
(4)

Note that e(r) is an exponential average along z within the sample volume, but it depends

only on values c(r,h) and _(r,o) measured on the surface outside the volume.

Individual e(r) were determined using Equation 4 with experimental measurements,
and these values were fitted to a function

c(r) =A-Bt9 , (5)

where A, B, and p are positive constants, and p is approximately equal to 2. Integrating

this _(r) in Equation 3 yields

E =A- [2/(2+P)1 BaP , (6)

where r = a is the radius of the trunnion disk. Values of ¢ were determined as a function

of energy, using the different point source standards. The resulting _ have better than 5%

accuracy, 8 and refer to calibrations with standards from the National Institute of

Standards and Technology. 9 The method directly calibrated the 20% HPGe and 25%

HPGe detectors, which in turn cross-calibrated the 90% HPGe.

Metal Slabs

The 90% HPGe detector was used to appraise the low activities of the metal slabs.

Efficiencies for these rectangular slabs were determined using techniques similar to those

for the trunnion disks. However, because the slabs were smaller in area and thickness, an

effectively constant U(r) = U was assumed, consistent with experimental results, 7 so that

Equation 2 could be expressed with separable variables in r and z, yielding

_(r,z) = g(r) e -ulr)z = c(r,o) e -uz (7)
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When inserted in Equation 1, this E(r,z)yields

h e_Uz dz
fA E(r,o) 2_rrdr I ° = <E(r,O)>A 1-e-Uhc = (8)

h dz Uh.rA 2"rKdr .r °

where the first term is the numerical integrated average over the rectangular bottom

surface, and the second term is integrated average over z. The point source mappings on

the detector surface are used to determine the first term. The second term requires a

knowledge of U, which may be expressed as

U = c + t.d , (9)

where c models the geometry dependence, and ;af models the material absorption, s Here,

the material attenuation coefficient _t is increased by a factor off to correct for the

average attenuation path, which is somewhat greater than z. The entire energy-

dependence of U is primarily contained in _t, as c and f are essentially geometric

parameters. Experimental measurements with sources of 54Mn, 57C0, 6°C0, and 137Cs

yielded U as a function of B, to allow interpolation for predicting U for the other

radionuclides. The _ for the gamma energies of these radionuclides were obtained from

tabulations. 1° The resulting U were then used in Equation 8 to yield the slab efficiency ¢.

A correction to c needed to be developed for the 22Na that was produced in the

aluminum slabs, as its detected 1274 keV gamma peak is depleted by summing with its

511 keV annihilation gammas. Experimental measurements and calculations deduced

that the observed 1274 keV count rate should be multiplied by a summing correction of

1.41 for the 90% HPGe detector. 8

RESULTS

Trunnion disk sample results are summarized in Table 1. Specific activities are given

for 7Be, 46Sc, 51Cr, 54Mn, 56Mn, 57Co, 5SCo, and ('°Co, where 54Mn is dominant and 7Be is

only marginally detected at best. Here the results from counting both sides of the disk

have been averaged to yield the values presented. Figure 3a plots the disk results for

54Mn and 57Co as a function of axial position along the trunnion, showing that these

activities decrease as the position nears the LDEF end of the trunnion from the space

end. Both trunnions were from the earth end of LDEE where the LH-trunnion faced

west, and the RH-trunnion faced east.

Trunnion radial layer activities are given in Table 2. The only significant radionuclides

detected in these relatively small samples were 5'*Mn and 57Co. The results are the

average from counting both sides of the sample. Figure 3b plots the layer results,

showing that the activities increase with increasing radial position of the trunnion. The

data also suggest that the radial profiles on the space side of the trunnion differ from
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those on the earth side. The axial position of this RH-trunnion piece is 18 cm from its

space end.

Vanadium and aluminum sample activities are presented in Table 2. Only 46Sc was

detected in the vanadium and only 22Na was detected in the aluminum. Again, the

activities are the average from counting both sides. The vanadium samples were from

extreme LDEF locations, as the DISCUSSION will describe. The aluminum samples

were from the keel plate and the end support retainer plate.

DISCUSSION

The LDEF samples examined in the present work implied cosmic activations induced

by protons and neutrons. The trunnions imply activations as 14N(p,2007Be; 46Ti(n,p)46Sc;

54Fe(n,ot)51Cr; 56Fe(p,2pn)54Mn; 58Ni(p,2pn)56Co; 58Ni(p,2p)57Co; 58Ni(n,p)SaCo; and

59Co(n,T)6°Co. Actually, little if any 7Be was observed. Noticeable 7Be had been

reported on samples with leading surfaces that can collect particles in the LDEF path, 11
but none of the samples analyzed at SRL had such surfaces. The only respective

activations in the vanadium and aluminum samples were 51V(p,*) 46Sc and 27Al(p,*)22Na,

where spallation (*) reactions occurred.

Trunnions

The activities of 54Mn and 57Co decrease for axial positions closer to the LDEF body.

The activities also decrease for decreasing radial position. Both decreasing trends are

consistent with increased cosmic ray shielding. In addition, the LH or west-facing

trunnion was activated somewhat more than the RH or east-facing trunnion; this is a

signature of the trapped proton anisotropy in the South Atlantic Anomaly region) The

results are further supported by independent measurements on trunnions, 7 which are

consistent for predictions for trapped and galactic protons. 4

The data of Figure 3 also provide a self-consistency test between the modeled gamma

efficiencies for the layer and disk samples. For the RHG section, its two radial activity

profiles (earth side and space side) for 54Mn were combined to yield their average radial

profile, which was integrated to yield an activity of 79.8 pCi/kg for the RHG disk. This is

consistent with the RH-trunnion trend of Figure 3 as the adjacent RHF disk activity was

78.98 ± 1.34 pCi/kg. Although the 57Co radial profile is consistent with that of the 54Mn,

the imprecise data allow rather different profiles as well. However, no reasonable 57Co

profile yielded an integrated activity that was consistent with the trunnion trend in

Figure 3. Specifically, the reasonable 57Co profiles predicted a range of 10.5 to 13.7

pCi/kg for the RHG disk s while the adjacent RHF disk activity was 7.00 +__0.59 pCi/kg.
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The above comparison neglects the impact of the radial activity profile on the

detection efficiency of the disk. Addressing this profile p(r), the corresponding efficiency

ep is given as

•fA p(r) ¢(r) 2"rrrdr
% = (12)

.fA p(r) 2_rdr

The tabulated disk values should be corrected by a factor of e/Cp. Using the activity

profile of the RHG layers and the e(r) measured for the adjacent RHF disk, an

C/ep = 1.022 was calculated s for 54Mn. Applying this correction to the 54Mn of the RHF

disk yields 80.73 ± 1.37 pCi/kg compared with the 79.8 pCi/kg determined from the

layers of the adjacent RHG disk. A similar treatment using the same p(r) with the 57Co

e(r) also yields a small correction, but this does not resolve the difference between the

57Co layer and disk results. Apparently, a differentp(r) applies for 57Co. Using ap(r) =

kP profile, which corresponds to the lowest reasonable profile-based activity of 10.5

pCi/kg for RHG, the resulting e/% = 1.269 for RHF yields 8.88 ± 0.75 pCi/kg. This

illustrates that the 57Co layer and disk results may become more consistent depending on

the detailed nature ofp(r).

The trunnion disk results of Table 1 are all based on the assumption of uniform

sample activities. Because appropriate c/% corrections are not generally available for

these samples, such corrections were not applied. At the same time, a single available

example for correcting 54Mn illustrated a small correction in this case implying that 54Mn

values in Table 1 are reasonably accurate. Values for other radioisotopes of Table 1 can

also be considered accurate if their corresponding p(r) is in reasonable agreement with

that for 54Mn. However, caution should be exercised here, as the E/Ep examination for

57Co implied a quite different p(r), suggesting that the 57Co of Table 1 might need to be

increased by a factor of 1.6 ± 0.3. Finally, these observations suggest scrutiny in

comparing round robin results from the different participating laboratories, because the c

determined for the various detectors will need to be corrected by their different C/Cp

before precise agreement can be expected. Unfortunately, current experimental data

appears insufficient for determining these e/ep ; however, model predictions based on

particle fluxes may be possible. 3'4

Vanadium

The 46Sc activated in vanadium indicated some trends; however, the photographs

suggest that some of the samples may have been shielded so that only signatures of these

trends are evident. The corresponding data of Table 2 is discussed below for signatures

of anisotropic radiation received by the space/earth ends and east/west sides of LDEE

The 46Sc density of two samples (I-H12-VA and I-H12-VB) on the space end of

LDEF was about 30% larger than that of a single sample (G12-A2-FNV) on the earth

end; however, the error for the comparison is also about 30%. Because the photographs
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imply that the spaceend sampleswere probably more shielded, the observation implies

that the radiation received from the space side is greater. This is consistent with the

earth acting as a cosmic shield for irradiation aimed at the earth end of LDEE

The *rSc density of a sample (I-F2-V) on the west side of LDEF is only about 5%

larger than that of a sample (I-C9-V) on the east side, and the error for the comparison

exceeds 5%. However, the photographs imply that the sample on the west side is more

shielded suggesting that the radiation from the west is higher. This is a signature of the

South Atlantic Anomaly. 4

Aluminum

The 22Na activated in aluminum supports the anisotropic trends more dramatically

than the vanadium results. The evidence for east/west and space/earth anisotropies are

discussed below in logical order of development.

Two aluminum samples of the keel plate are on opposite sides of the keel, and tend to

be shielded from each other by the keel. Consequently, one sample (KP-3) received

radiation preferentially from the west, and the other (KP-10) from the east. 8 The 22Na

density of the west side sample was 48 +__6% higher than that of the east side sample

showing an unmistakable signature for the east/west anisotropy.

The keel itself is midway between the space and earth ends, so that the aluminum

samples (KP-3 and KP-10) of the keel plate are closer to the space end than are the two

samples (ESR-1 and ESR-2) of the retainer ring on the earth end. 8 The 22Na densities of

the two samples from the retainer ring agree having a difference of 1.2 +__4.2%, as these

samples were both unshielded and exposed to the same radiation. Both keel plate

samples were partly shielded so that a hypothetical unshielded sample at this location

would have Z2Na density in excess of either of the measured samples, but not more than

their sum. Thus, the 22Na density of the hypothetical unshielded keel plate sample would

be 23 to 105% larger than that of the retainer ring samples indicating strong evidence for

the space/earth anisotropy.
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Table 1. Trunnion Disk Results

Decay Correction Date - January 20, 1990

Sample

Be-7 Sc-46
Isotopic Activities in pCi/kg Sample

Cr-51 Mn-_4 Co-56 Co-57 Co-58 Co-60

LHB 120.21 4.58 15.17 3.31 1.96

± 1.53 ___.75 _ .73 ± 1.15 ± .18

LHE 4.57

± .71

95.21 2.92 9.60 1.33 1.59

± 1.75 ± .77 _.+.66 ± 1.35 ± .30

LHF 3.37

±.51

100.50 4.84 10.47 4.06 1.40

± 1.41 ± .75 _.+.63 ± 1.16 ± .19

LHP 0.95 3.53

± 3.29 ± .20

16.38 79.43 2.65 7.48 4.90 1.58

+__7.38 ± .68 ± .21 ___.28 "4-.33 +-. 11

LHR -7.48 3.78

±3.65 ±.21

34.35 76.71 2.66 7.23 4.68 1.52

± 8.43 ± .68 ± .23 ± .36 ± .35 ±. 11

LHS 2.56 4.34

±3.28 _+.19

23.14 75,25 2.53 6.22 4.92 1.55

±8.15 ±.59 ± .20 ± .25 ±.30 ±.09

RHB 5.04

± 1.00

82.52 3.21 7.34 4.67 1.39

± 1.36 ± .79 ± .59 _+ 1.27 ± .25

RHE 1.96

± .75

79.77 2.15 6.63 2.35 1.16

± 1.57 +--.95 ± .57 ± 1.27 ± .22

RHF 2.99

± .64

78.98 3.75 7.00 2.45 1.32

± 1.34 ± .89 ± .59 ± 1.26 ± .20

RHP 5.36 3.46

±3.53 ±.21

35.22 72.56 2.67 7.28 4.39 1.45

± 8.84 ± .66 ± .22 ± .30 ± .33 ±. 11

RHR 8.75 3.48

±3.07 _+.19

26.16 72.75 2.41 6.20 4.29 1.55

±8.13 ±.60 ±.19 ± .24 -.30 ± .09

RHS 2.67 3.94 31.89 74.66 2.73 6.01 4.32 1.44

+__3.74 +__.23 ± 10.08 +__.71 ± .25 ± .32 ± .41 + .12

All errors are 1-o counting errors
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Table 2. Metal Slab Sample Results

Decay Correction Date: January 20, 1990

Space Side Trunnion Layers

RHG-SP- pCi/kg

Mn-_4

2 95.10 19.57

+__3.44 ±3.17

Earth Side Trunnion Layers

RHG-ER- pCi/kg

Mn-$4 Co-57

2 98.46 17.50

± 3.60 ± 2.51

3 83.24 14.78

+__2.77 ___1.88

3 93.62 15.02

_ 2.04 +_ 1.69

4 77.62 11.98

± 2.25 ± 1.72

5 70.89 12.18

± 1.44 ± 1.27

6 70.26 12.74

± 1.63 ± 1.43

4 87.82 17.48

±2.36 ±2.22

5 80.00 10.92
± 1.47 ± 1.19

6 76.64 12.07
± 1.63 ___1.22

Vanadium

Sample pCi/kg
Sc-46

G12-A2-FNV 16.00

± 1.32

I-C9-V 20.24

± 1.51

I-F2-V 21.12

±2.70

I-H12-VA 19.82

± 12.84

I-H12-VB 21.59

±6.77

Aluminum

Sample pCi/kg
Na-22

ESR-1

ESR-5 91.70

± 1.94

KP-3 111.47

± 1.95

KP-10 75.33

±2.60

All errors are 1-o counting errors
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SUMMARY

A systematic study of the induced radioactivity of the

Long Duration Exposure Facility (LDEF) is being carried out

in order to gather information about the low earth orbit
radiation environment and its effects on materials. The

large mass of the LDEF spacecraft, its stabilized

configuration, and long mission duration have presented an

opportunity to determine space radiation-induced

radioactivities with a precision not possible before. Data

presented include preliminary activities for steel and

aluminum structural samples, and activation subexperiment
foils. Effects seen in the data show a clear indication of

the trapped proton anisotropy in the South Atlantic Anomaly

and suggest contributions from different sources of external
radiation fluxes.
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INTRODUCTION

A systematic study of induced radioactivity in materials

carried aboard the Long Duration Exposure Facility has

provided a significant and very useful database for space

radiation-related applications. This study was broad-based

to include as many different materials as could be obtained

from the LDEF structure and experiments. In essence, the

entire spacecraft was used as a passive detector to sample
the radiation environment in low earth orbit.

The uniqueness of the LDEF spacecraft for radiation

studies not only stems from its extended flight time

(mission duration 5.8 years), but also its large mass and

passively stabilized geometry. The stabilized configuration

was designed to control exposure of various experiments to

the space environment, and in particular, allowed

directional aspects of the induced radioactivity to be

studied on the leading (eastern), trailing, north and south

sides of the spacecraft, as well as the earth and spaceward
directions.

The induced radioactivity is produced by several sources

of particle fluxes: galactic protons, trapped Van Allen

protons (encountered in the South Atlantic Anomaly and

accounting for the bulk of the activity), atmospheric and

secondary neutrons, and to a small extent heavier ions. All

of these particles induce radioactivity by colliding with a

stable nuclide in the spacecraft material, and occasionally

forming a radioactive nuclide. If its half-life is long

enough, it can be detected in the laboratory following

retrieval. The sources of external radiation flux, the

nuclear reactions with the spacecraft material, and the

spacecraft geometry can be combined, in principle, into a

model to predict the experimentally measured activities.

Such a comparison of calculation and experiment can be very

useful for future long duration missions in low earth orbit

(LEO), such as Space Station Freedom and the Earth Observing

System, where accurate radiation dose predictions are

required.

SAMPLE PROCESSING AND DISTRIBUTION

Following retrieval of the LDEF in January of 1990,

samples for measurement of induced radioactivity were

obtained from the Kennedy Space Center over a period of a
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few months. Some samples were obtained from the structural

components of the spacecraft; others were taken from

experiment trays under agreements with the experiment

investigators. Approximately 400-500 samples were processed

at the Marshall Space Flight Center and distributed to eight

nationally recognized laboratories for analysis: Lawrence

Berkeley Laboratory, Los Alamos National Laboratory, Johnson

Space Center, Lawrence Livermore National Laboratory,

Savannah River-Westinghouse, the Tennessee Valley Authority-

Western Area Radiological Laboratory, Battelle-Northwest

Laboratory, and the Marshall Space Flight Center.

High-purity germanium detectors are used to detect gamma

rays from decaying radionuclides, and must be well-shielded

from gamma rays produced by secondary emission from cosmic

rays and naturally radioactive materials in the laboratory.

Typical measured results are in the range of 0.i-i00

picoCuries per kilogram of material in the LDEF spacecraft.

Some radionuclide activities, as in the steel and aluminum

structural components, were strong enough to allow mapping

of their directional and depth-dependent characteristics.

Figure 1 shows the positions of various materials on the

LDEF spacecraft that were analyzed for induced

radioactivity. The steel trunnions (alloy 17-4PH) from the

end support frame (Earth end) of the LDEF were the first

components acquired for analysis. Other structural

materials obtained later included aluminum experiment tray

clamp plates and trunnion clamp assemblies, titanium

structural clips, and lead ballast plates. An activation

subexperiment consisting of metal foils (ref. i) was also

included in several experiment trays. These included sets

of five different metals (cobalt, vanadium, tantalum, indium

and nickel). These were chosen because of their simple

isotopic makeup and significant long-lived radionuclide

production. In addition some samples were obtained by

agreement from other experimenters, such as magnesium,

copper, germanium, niobium, silver, and teflon. Many of

these samples, however, were not of sufficient mass to yield

good signal-to-background ratios for accurate measurement.

PRELIMINARY RESULTS

In this section, preliminary results obtained in the

analysis of LDEF induced radioactivity are presented.

Absolute activities have been corrected for decay since

retrieval and for detection geometry, and are estimated to

be good to 20%.
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A detailed representation of the west trunnion (adjacent

to experiment tray row 3 in figure I) with respect to the

external environment and the pattern in which samples were

prepared from it is shown in figure 2. Samples were cut in

1.3, 1.9 and 2.5 cm- (0.5, .75 and 1 in) thick cylindrical

sections 8.3 cm (3.25 in) in diameter for bulk activity

measurements, and thinner 5 cm (2 in) square layers of

varying thickness to study depth and directional

dependences.

Examples of spectra showing peaks from gamma-decaying

radionuclides produced in the end section (section A in

figure 2) in each of the two steel trunnions are shown in

figure 3. These two samples were activated primarily by the

trapped proton flux from (a) the east (onto the leading side

of the spacecraft) and (b) the west (onto the trailing side

of the spacecraft), respectively. These spectra indicate

production of S6Co, _8Co, 54Mn and 46Sc with half-lives ranging

from 71 to 312 days. An enhancement of the intensity of 835

keV 54Mn peak by a factor of -2 in the west-facing sample

relative to the east-facing sample can clearly be seen.

This effect is caused by the interaction of the trapped

protons in the South Atlantic Anomaly with upper atmospheric

gases. In the SAA the flux encountered by the leading

(east) side of the spacecraft is attenuated relative to the

trailing (west) side flux because the east side flux is

traveling about a magnetic field line below the spacecraft,

and thus penetrates deeper into the atmosphere. This effect

has been quantified recently by Watts, et al. (ref. 2) and

is being incorporated into the radiation models being

developed currently. The 478 keY line observed on the

leading side of the spacecraft (top figure) was determined

to be caused by a deposition of atmospheric 7Be on the

surface of the spacecraft, and was not produced by

spallation within the spacecraft material (ref. 3) (See also

J. C. Gregory, et al., these conference proceedings).

Figure 4 illustrates the effect of the anisotropic SAA

flux, where the west/east ratio of the S4Mn activities as a

function of distance is plotted along the axis of the

trunnion. The difference in activity from one side to the

other decreases with depth due to attenuation of the proton

flux, even though the anisotropy of the external flux is

known to increase with energy. The majority of the SAA

protons which activate the steel are in the range of 20-120

MeV, and are stopped in the first 2 cm (0.8 or 15 g/cm 2) of

material. The bulk activity for S4Mn in the trunnion

interior does not drop to zero, however, but reaches approx-

imately 80 picoCuries/kg (see C. E. Moss and R. C. Reedy;
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W. G. Winn, these conference proceedings), which may be

caused by secondary activation by neutrons as well as high

energy background fluxes of cosmic ray protons in the energy

range of several GeV. These contributions are currently

being included in a simplified three-dimensional spacecraft

mass model (See B. L. Colborn and T. W. Armstrong, these

conference proceedings).

A large number of aluminum experiment tray clamps (alloy

6061-T6) were obtained from the LDEF following de-

integration of the spacecraft. The clamps were

approximately 5 cm (2 in) by 12.7 cm (5 in) and 0.47 cm

thick (.185 in or 1.3 g/cm2). A total of 50 clamps have

been counted at the TVA Western Area Radiological Laboratory

to investigate the variation of activating flux with

direction. Clamps were obtained from the spacecraft on each

row to allow measurement of the change in flux every 15

degrees. In figure 5, the 22Na activity based on the 1275

keV line is shown as a function of angle from the leading

direction of the spacecraft (east). A comparative one-

dimensional calculation is also shown (see T. W. Armstrong

and B. L. Colborn, these conference proceedings.) based on

the proton anisotropy model (ref. 2) normalized to AP8 omni-

directional flux, and measured cross sections for protons on

aluminum, which is within 30% agreement with the measured

activation. The peak of the 22Na activity in the trailing

side plates is clearly apparent.

The activation subexperiment foils of vanadium, cobalt,

indium, tantalum and nickel were analyzed as they were

obtained from LDEF experiments M0001, M0002, P0006, and

AOII4. The results for each of the four nickel samples

counted at Marshall Space Flight Center are shown in figure

6 along with predictions of a one-dimensional calculation

with the AP8 flux for proton activation of the

5 cm (2 in) square by 0.32 cm (.125 in) thick

nickel foils. The upper and lower limits of the

calculation represent the range of proton-induced activation

caused by (a) normally incident flux on the nickel surface,

(b) a uniform exposure in all directions, and (c), same as

(a) and (b) but shielded by 1 cm (0.4 in) of aluminum.

These calculations represent the range of shielding/flux

conditions to which the nickel samples were exposed around

the spacecraft. By modeling the local geometry of these

samples, it may be possible to separate shielding effects

from contributions due to different activation sources. For

example, the small amount of 6°Co observed in these samples

can be produced alternately by an (n,p) reaction on 6°Ni

(abundance 26.1%) above 5 MeV, or proton reactions on the

other stable isotopes of nickel (61Ni, 62Ni and _Ni, total

abundance 5.6%). More refined calculations may be able to

distinquish these two contributions. Further analyses of
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the nickel samples and the indium cobalt, tantalum, and

vanadium samples are in progress.

ANALYSIS PLAN/CONCLUSION

Most of the low level counting has now been completed

and the effort has shifted to collection and analysis of

data from the counting laboratories. Much of the analysis

and archiving of these data will be performed at Eastern

Kentucky University to produce a large database of the

measured induced radioactivities. The current scope of this

effort is to be able to provide specific activities for

different materials whenever the detection geometry is

reasonably convenient for normalization of the gamma ray

counting measurements. In other cases, where only relative

measurements were possible, information about depth and
directional dependences can still be extracted.

Measurements and analyses of the induced radioactivity

in the Long Duration Exposure Facility will continue through

1991. Detailed plans can be found in the Long Duration

Exposure Induced Radioactivity Analysis Plan (ref. 4). A
program of calculations in order to extract as much

information as possible about various sources of

radioactivity is now underway (See T. W. Armstrong and B. L.

Colborn, these conference proceedings.). It is hoped that

these studies will yield a complete and accurate picture of
the low earth orbit radiation environment.
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LDEF Acquired Activity
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N92-2, -
Thermoluminescent Dosimetry for LDEF Experiment M0006

J.Y. Chang, D. Giangano, T. Kantorcik, and M. Stauber

Gmmman Corporate Research Center, Bethpage, New York 11714

L. Snead

Department of Nuclear Energy, Brookhaven National Laboratory

Upton, New York 11973

INTRODUCTION

Experiment M0006 on the Long Duration Exposure Facility had as its objective the

investigation of space radiation effects on various electronic and optical components, as well as on

seed germination. It was a team effort involving the Perkin Elmer Corporation, the City University

of New York, Patrick Air Force Base, the Walt Disney Epcot Center, and the Grumman Corporate

Research Center (CRC). The Gmmman CRC provided the radiation dosimetric measurements for

M0006, comprising the preparation of TLD dosimeters and the subsequent measurement and

analysis of flight exposed and control samples. In addition, various laboratory exposures of

TLD's with gamma rays and protons were performed to obtain a better understanding of the flight

exposures.

DOSIMETER PHYSICAL DATA AND EXPOSURE CONDITIONS

Experiment M0006 was located in Row 2 (near the trailing edge), Bay C, i.e., facing west

and approximately midway between the earth end and space end. The payload was contained in a

drawer located in an aluminum canister. The canister had a honeycomb milled out of the top

surface to promote heat transfer, and was between 1.5 and 3 cm thick. The honeycomb surface

had a sheet of aluminum attached, with thickness between .2 and .4 cm. The drawer was

programmed to open 10 days after launch and remain open for 10 months before retracting into the

aluminum canister. Several small craters observed on the mirror samples in the test array indicated

that the drawer did open during flight. To provide for the radiation dosimetry of the payload, we

prepared a set of 50 Harshaw TLD-100 dosimeters, each of dimensions 0.32 cm x .32 cm x .038

cm and nominal weight 0.01g. These dosimeters were preselected for weight uniformity, annealed

to 450°C while recording their preflight luminescence response (nominally zero), and sent to

Patrick AFB for LDEF deployment. However, only five dosimeters were incorporated into

PRECE.DiNG PAGE BLANK NO]" FILMED
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M0006andfive morewereretainedasgroundcontrols.Thefive flight sampleswereimbeddedin

15-25gof seedin a sealedaluminumtube(7 in. long ,and1 in. ID) with awall thicknessof 1/16
in. (.43 g/cm2).

Predictions of the AP8/AE6 trapped particle model are that LDEF during its 2105 day

mission encountered an omnidirectional proton integral fluence (E>10 MeV) of 4.5 of 109 cm -2

and an omnidirectional electron integral fluence of 5.3 x 1010 cm -2 (E>0.5 MeV), as reported in

Ref. 1, taking into account the decay of the orbit (from 258.5 to 172 NMi). Also, the last 27% of

the mission (565 days) were spent under solar maximum conditions, during which time 15% of the

proton fluence and 24% of the electron fluence were accumulated, according to the AP8/AE6 Solar

Max./Solar Min. model predictions (Ref. 1). The dose at the center of a variable-radius aluminum

sphere, as calculated with the SHIELDOSE code (Ref. 2) is shown in Fig. 1, displaying separately

the dose contribution from protons and electrons. It is seen that while the total dose is dominated

by electrons up to aluminum thicknesses of ~.1 g/cm 2, the dose for aluminum thicknesses greater

than -.5 g/cm 2 essentially is all due to protons.

The proton environment for low-earth orbits has become known not to be omnidirectional,

however, but to exhibit a west (LDEF trailing edge) - east (LDEF leading edge) asymmetry. This

is evidenced in dosimetry results for LDEF experiments P0006 and P0004 (trailing edge

deployment) versus M0004 (leading edge), where the trailing edge (west) results, at least up to ~2

g/cm 2 of effective shielding, are about 2.5 times larger than for leading edge deployment and are

reasonably well fitted by the omnidirectional trapped particle model with a spherical shield

approximation (while the leading edge data appear to agree with a planar shield approximation).

Since experiment M0006 was located at the trailing edge, these considerations are relevant to our

dosimetry results. We also note that since the effective shielding for the M0006 dosimeters was

substantially larger than .5 g/cm 2, the dose results are due to only protons, according to the model.

DOSIMETER EVALUATION RESULTS AND DISCUSSION

LDEF Flight and Control Specimens

The LDEF dosimeters were received in our laboratory in April 1990. We labeled the flight

specimens with the prefix F and the ground control samples with G; the other part of the flight

specimen designation refers to the seed variety whose exposure was monitored. The F samples

were expected to have a variation of-10%; multiple dosimeters at each location in the seed capsule

would have reduced the variation considerably. The G (control) samples experienced a cumulative
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backgroundexposureon thegroundduringabout6 years,plusadose incurred in one New York-

Florida round-trip flight. We cite our measurement of a New York-Los Angeles round trip flight

exposure of 20-30 mr as an upper limit to the commercial flight exposure. These control samples,

because of their low-level exposure, were expected to show a much larger relative variation in

reading than their flight sample counter parts.

For the dose measurements we typically heated the dosimeter samples to temperatures high

enough to obtain a complete thermoluminescence release (about 400°C), recording both the total

counts and the glow-curve. The glow curves in all cases were recorded as the output of a

logarithmic amplifier, the ordinate thus being proportional to the logarithm of the luminescence

counts per unit temperature interval. This form of data recording accentuates differences in the

glow peak shapes as an aid to studying differences in exposure conditions. The calibration was

based on Frick dosimetry for Co-60 exposures up to a kilorad. The results of our dose readings

for both F and G sets of TLD specimens are shown in Table 1. For the flight specimens the dose

measurements, accurate to within 10%, range from 180 to 244 rads (LiF), with an average of 210

fads. The control samples (G set) show a minimal exposure, averaging 0.9 rad. The large scatter

in the flight sample results is remarkable, since the TLD's were deployed in close proximity (seed

tube interior) under virtually identical conditions. A predominantly electron/bremsstrahlung

environment would have produced a much greater exposure uniformity. The flight sample dose

readings generally are comparable to the results reported for Experiment P0006:-260 rads (tissue)

or -205 rads (LiF) at an estimated effective shield thickness of-12.5 g/cm 2 (Ref. 3). However,

our determination of effective shielding for Experiment M0006 is still pending, since the LDEF

mass distribution analysis (Ref. 4) has not yet been completed; we also have the complication of an

open experiment drawer for the first 10 months of the mission.

LDEF Samples +10%
I

Controls

FPINTO- 1 244 rads GPINTO- 1 1.4 rads

FPINTO-2 205 rads GPINTO-2 0.4 rads

FM-I 230 rads GM-1 0.9 fads

FM-2 180 fads [ GM-2 1.4 rads
I

FCORN 192 rads | GCORN 0.4 rads

I
Table 1. TLD Measurement Results
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As part of our analysis of the flight sample glow curves, the 5 F-set TLDs upon readout

and anneal were re-irradiated with Co-60 gammas to a level of ~240 rads and their glow curves

remeasured. Figure 2 illustrates the measurements for sample FCORN: The upper glow curve

refers to the LDEF signal (a net of 5090 counts), while the lower glow curve obtains for the

subsequent gamma exposure of the same TLD (a net of 6193 counts). We note that the gamma-

exposed sample has two low-temperature peaks (at 100 ° and 135°C for this measurement, although

the exact temperature location of the glow peaks depends somewhat on the readout heating rate),

which are absent for all flight-exposed samples. A third peak (at 170°C) is considerably weaker in

the flight exposure. Higher-temperature peaks (at 220°C and 290°C, labeled as peaks A and B,

respectively) are common to both glow curves, although the intensity ratio of the 220°C peak to

290°C peak is smaller for the LDEF exposure (-3.7) than for the re-exposure with gammas (~5.1).

This difference in intensity ratios for the two peaks was observed consistently for the entire F set,

as shown in Table 2. It is tempting to attribute the glow curve differences to a long-term annealing

process in the flight-exposed samples. Preliminary estimates indicate that the M0006 average way

temperature remained within a range of 10-30°C ( * ), so that the anneal would have proceeded

at room temperature. Regarding the glow curve comparison in Fig. 2, the 100 ° peak and 135 °

peaks in the re-irradiation glow curve are known to have a half-life of 10 hours and 0.5 years,

respectively, so that their absence in the LDEF dose signal plausible might be due to annealing

(although they also have been found absent in fresh laboratory proton exposures). Another peak at

~170 ° which appears as a shoulder to the 220 ° peak in the gamma-exposed sample and has a half-

life of 7 years is also noticeable in the LDEF signal. The main peak, at 220°C, however, has an

80-year half-life and, therefore, should not have been subject to signal loss in the LDEF sample.

Hence, the differences in the ratios of the A and B glow peaks between the LDEF signal and

gamma reirradiation results are hard to explain by annealing considerations.

"T. Sampair, Lockheed, Private Communication
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i

FPINTO-1

IFPINTO-2

FM-1

IFM_ 2

FCORN

AVERAGE

Sample LDEF Exposure

3.82

3.74

3.38

3.58

3.92

Table 2. Ratio Peak Intensities at 220°C and at 280°C

Fresh Gamma

5.43

4.82

5.10

4.63

5.39

5.07

Laboratory Proton Exposures

Prompted by the observation that the shapes of the glow curves obtained for the M0006

dosimeter flight exposures, especially the A to B peak ratios, were not reproduced in gamma ray

exposures to comparable dose levels, we undertook a series of dosimeter exposures with protons,

ranging in energy from 200 MeV down to 3.7 MeV. The specific purpose of this work was to

determine whether proton exposures could produce a better match to the LDEF-exposed sample

glow curves than the gamma exposures in emulating some of their main features. The dosimeters

used in these laboratory simulations were again TLD-100 of dimensions .32 cm x .32 cm x .09 cm

with a luminescence response about 2.1 times stronger than for the specimens flown on LDEF.

The monoenergetic proton exposures were performed at the proton LINAC (200 and 141 MeV)

and at the tandem Van de Graaff accelerator (27 and 10 MeV), both at Brookhaven National

Laboratory, as well as at the Gmmman Van de Gmaff accelerator (3.7 MeV). Exposure levels

ranged from -200 to -4600 Rads (LiF); for two of the bombarding energies (200 and 29 MeV)

samples were exposed to two dose levels. The various irradiation conditions and the results

obtained for glow peaks A and B are summarized in Table 3. As indicated earlier, peak A appears

between 220 and 230°C, and peak B between 280 and 290°C. The peak data listed are proportional

to the logarithm of the peak luminescence counts per unit temperature interval, with all data for the

same exposure condition (energy and dose) having the same proportionality factor. The listed

irradiation conditions, in addition to the bombarding energy include the average and peak values of
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the ionizationdepthdose,aswell astheenergydepositionper ion, theexposuredepthrange,and

theLET averageovertheexposuredepth.Forprotonrangeslessthanthedosimeterthickness,the

energydepositioncontainstheBraggpeakandthedepthdoseprofile becomessignificantly
nonuniform. Forexample,for the 10-MeVexposuretheentrancedoseis 300Rads,while theend-

of-rangedoseis-1.7 KRad. Thedosedatalistedareanalyticalestimates,obtainedwith theMonte

CarlocodeTRIM (Ref.5) onthebasisof themeasuredbombardingprotonfluence;for the200-

and 141-MeVexposurestheyareconfn'medindependentlyby carbonnuclearreactiondosimetry.

ThemeasuredglowpeakratiosA/B inTable3 generallyaremuchlowerthanthoselistedin Table

2 for laboratorygammaexposuresandexceptfor oneexposurealsolower thantheLDEF flight

sample values. There is no clear cut dependence on the proton energy, nor on the average LET

value. However, where two exposure levels were produced at the same bombarding energy (200

and 29 MeV), the larger dose shows a smaller A/B peak ratio. For the 29-MeV exposure, where

the 200-Rad entrance dose most closely resembles the LDEF flight exposures, the ratios of the

peaks also approximate the corresponding LDEF data and also are significantly smaller than the

ratio values for laboratory exposures with gammas at the same dose level. Again for the 29-MeV

proton exposure an increase in the entrance dose to ~1000 Rad produces a nearly factor-of-two

decline in the peak ratio. A comparable trend, although weaker, is seen for the 200-MeV

exposure, where a 3.25-fold increase in the dose results in 25% decrease in the ratio. We note that

for the proton measurements, reductions in the A/B peak ratio stem predominantly from a relative

growth of peak B. This and other significant features of the proton glow curve structures are

apparent in Fig. 3 and 4 (see footnote'), which should be compared with the glow curves given in

Fig. 2. A main point in the comparison is that, just as for the LDEF flight samples, none of the

proton laboratory exposures have the low-temperature glow curve structure observed for the

laboratory gamma exposure (Fig.2). (Annealing considerations for the proton exposures do not

apply, because of prompt readout.). This feature and the relative increase in peak B suggest a

qualitative difference between the response of TLD-100 to protons (locally strongly ionizing) and

to weakly ionizing radiation (gammas). The tentative conclusion, based on a limited set of

laboratory simulations, is that the dose read from TLD flight samples was predominanly due to

protons, in agreement with the radiation transport prediction.

"T. Sampair, Lockheed, Private Communication
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26.0 14.7 2.26

27.0 15.2 2.21

74.8 44.2 1.69

73.0 44.2 1.69

45.0 26.1 1.72

45.8 27.0 1.67

29.9 9.2 3.25

28.9 7.8 3.71

48.6 26.5 1.83

44.5 22.3 2.00

49.0 34.9 1.40

27.4 t9.1 1.69

47.8 49,7 .96

49.5 50.2 .98

Avg. LET

MeVcm 2

g

3.68

4.64

16.9

66.7

139

Table 3. Proton TLD Glow Curve Analysis

SUMMARY

Measurements on TLD-100 specimens flown in a seed capsule in LDEF experiment M0006

have registered exposures ranging from 180 to 244 Rads (LiF). Glow curves for the flight

specimens were found to differ significantly from those obtained for gamma exposures in the

laboratory at comparable dose levels. The flight samples showed a virtual absence of the low-

temperature peak structure seen in the gamma exposures, and a relatively larger glow peak at

280oc as compared to the main peak at 220oc. A series of laboratory exposures of TLD-100 with

protons from 3.7 to 200 MeV resulted in glow curves agreeing with the characteristic features of

the flight samples. A tentative conclusion from this work is that the M0006 exposure was

primarily due to protons, in agreement with the AP8/AE8 environment model and radiation

transport analysis. The measured dose levels are consistent with an omni-directional effective

shield mass of 12 g/cm 2 AI.
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RADIATION EXPOSURE OF LDEF: INITIAL RESULTS
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ABSTRACT

Initial results from LDEF include radiation detector measurements from four

experiments, PO006, PO004, MOO04 and AO015. The detectors were located on both

the leading and trailing edges of the orbiter and also at the Earthside end.

This allowed the directional dependence of the incoming radiation to be measured.

Total absorbed doses from thermoluminescent detectors (TLDs) verified the predicted

spatial east-west dose ratio dependence of a factor_2.S, due to trapped proton

anisotropy in the South Atlantic Anomaly (SAA). On the trailing edge of the orbiter

a range of doses from 6.64 to 2.91Gy were measured under A1 equivalent shielding

of 0.42 to i.ii g/cm _. A second set of detectors near this location yielded doses

of 6.48 to 2.66 Gy under AI equivalent shielding of 0.48 to 15.4 g/cm 2. On the

leading edge doses of 2.58 to 2.10 Gy were found under A1 equivalent shielding of

1.37 to 2.90 g/cm'. Initial charged particle LET (linear energy transfer) spectra,

fluxes, doses and dose equivalents, for LET in H20_>8 keV/_m, have been measured

with plastic nuclear track detectors (PNTDs) located in two experiments. Also

preliminary data on low energy neutrons were obtained from detectors containing

6LiF foils.

INTRODUCTION

The LDEF orbiter carried four experiments which contained passive

integrating detectors from the University of San Francisco. The PO006 LET

Spectra Measurements experiment consisted of a single canister in Tray F-2 in

which TLDs, PNTDs and neutron detectors were included. The PO004 Seeds in Space

experiment consisted of seven canisters in Tray F-2 in which packets containing

TLDs, PNTDs and neutron detectors were distributed within the seed component. The

MOO04 Radiation Effects in Electronics experiment included two detector canisters

in Tray F-8 containing TLDs and PNTDs. The AOO15 Biostack experiment consisted

of two USF (Tray C-2 and G-l-2) and one partial USF (Tray F-2) canisters

containing TLDs, PNTDs and neutron detectors.

The purpose of the detectors was to define the radiation environment as a

function of shielding depth at the experimental sites on the orbiter. As seen

from the Tray locations PO006, PO004 and two AO015 canisters were near the

trailing edge. The third AO015 canister was at the earth end while MOO04 was

at the leading edge.

Work partially supported by NASA Grant No. NAG8-168 (NASA-Marshall Space Flight

Center, Huntsville)
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EXPERIMENTAL PROCEDURES

The passive radiation detectors were arrayed in stacks within the LDEF

flight canisters. All the canisters (except the one partial AO015 unit) were

sealed with O-rings to prevent venting to space. The placement of the different

detector types was made to enable measurements to be made as a function of

shielding depth.

TLD Procedures

Single batches of TLD - 700 were divided into flight, calibration and

background portions. The calibration TLDs were irradiated with a standard

137Cs source at two-month intervals over the 5.7 year orbital period in order

to approximate both the LDEF absorbed doses and any signal fading which might

occur, h high-dose TLD response supralinearity study was also conducted with

137Cs standard doses up to I00 Gy.

After the mission TLDs were read out with a model 4000 Harshaw reader.

Calibration and backgrounds were read out along with the flight detectors. The

measured signals, averaged over a series of mission TLDs, were then converted

to absorbed doses (137Cs gamma ray equivalent). The minimum vertical shielding

between each series of TLDs and space was measured and the shielding materials

converted into the equivalent mass thickness of AI.

PNTD Procedures

The five types of PNTDs included on the LDEF experiments were pure CR-39,

CR-39 with DOP plasticizer, Tuffak and Sheffield polycarbonates and Melinex

polyester. Some of the CR-39 has been processed and read out to yield particle

flux, dose rate and dose equivalent rate for LEToo'H20_18 keV/_m.

The CR-39 was processed in 6.25N NaOH solution at 50"C for 36 or 48 hr.

After processing pairs of CR-39 layers from the flight stacks were reassembled

in their original configurations. The pairs were scanned at the inner, adjacent

surfaces under an optical microscope. Coincident track pairs were located in

the adjacent surfaces (#2 and #3), then surfaces #i and #4 were examined to

determine whether the particle was of long range (it penetrated both CR-39

layers and resulted in four aligned tracks) or short range (it penetrated only

the adjacent surfaces or the adjacent surfaces and one outer surface, resulting

in two or three aligned tracks). The long range particles were classified as

galactic cosmic rays (GCRs) and also included projectile fragments. The short

range (SR) tracks are mainly stopping primary protons and secondary particles

deriving from target nuclei within the PNTDs. Because of their short

registration ranges protons are classified as SR particles.

The detected track parameters were measured at the #2 surface to determine

particle LET. The semimajor and semiminor axes of the elliptical track surface

openings were measured with an electronic micrometer. With the PNTD bulk etch

and the LET calibration curve for the detectors, the track measurements were

converted to LET spectra.
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Low Energy Neutron Detectors (LENDs)

The LENDswere composedof bLiF radiation foils and CR-39PNTDs.Alpha
particles from the 6Li(n, _)T reaction were emitted from the foils and detected
in the CR-39. The LENDswere exposed in pairs with one detector covered by Gd
foils. This allowed the separation of the neutrons into thermal (< 0.2 eV)
and resonance (0.2eV - IMeV) energy regions.

The CR-39PNTDswere processed in 6.25N NaOHsolution at 70" C for 1.25
hours. The alpha particle track densities on the PNTDswere counted manually
at 430 x under an optical microscope. The backs of the detectors were also
counted to provide the backgrounds due to other charged particle sources
present in space. The track densities were converted to neutron fluences and
dose equivalents by previously established calibrations. The dose equivalent
conversion factors (ref. i) incorporated QF values of 2 for thermal neutrons
and 6.4 for resonance neutrons.

MEASUREMENTS

TLD Results

The TLDmeasurementsfrom experiments PO006,PO004,MOO04and AO015are
given in Tables I, II, III and IV respectively. The trailing edge TLDs (PO006,
PO004)are seen to measurehigher dose rates than the leading edge (MOO04)and
earthside (AO015)TLDs, although the shieldings are somewhatdifferent for the
maximumdose rate.

PNTDResults

Measurementsof LET spectra from the leading and trailing edges of the
orbiter are shownin Figures 1 and 2, respectively. Integral particle flux is
plotted against LEToo'H20for the Total, GCRand SR particles. Integral flux,
dose rate and dose equivalent rate from these measurementsare given in Tables
V and VI, respectively. In comparing the spectra it is seen that the MOO04
(leading edge) curve is muchsteeper than that of PO006.MOO04has a higher
total integrated flux but a smaller flux in the LET region above _ 12 keV/_ m.
The greater importance of high LET particles in contributing dose and dose
equivalent can be seen by comparing Tables V and VI, where the PO006spectrum
leads to higher dose rates and considerably higher dose equivalent rates. The
differences in the spectra in the two experiments are due both to the position
of the experiment on the orbiter and to the considerably different shielding
depths. Note that the GCRspectra are truncated, and also perhaps under-measured,
due to the difficulty in discriminating betweenGCRand SRparticle tracks in
the very high track densities found on the LDEFPNTDs.

LENDResults

Measurementsof the low energy neutrons from the trailing edge of the
orbiter are given in Tables VII and VIII. The PO004(Table VIII) fluences and
dose equivalents are larger than those in PO006(Table VII). The PO004detectors
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were surrounded by a greater mass of hydrogenous material (seeds) which

contributed to the moderation of high energy neutrons. The two PO004

measurements also have significant variations. The LENDs were located in two

different canisters with that in #3 having higher neutron levels than that in #6.

From Table II it is seen that the TLDs in mid #6 yielded higher doses than those

in mid #3. There was probably a shielding difference from the side for the

two canisters.

CONCLUSIONS

Radiation measurements have been made at different positions and shielding

depths on the LDEF orbiter. Total absorbed doses measured with TLDs ranged

from 6.64 to 2.66 Gy, for shielding of 0.42 and 15.4 g/cm 2, at the trailing

edge to 2.58 to 2.10 Gy, for shielding of 1.37 and 2.90 g/cm 2, at the leading

edge. This difference reflects the East-West anisotropy of trapped protons

at the South Atlantic Anomaly. For heavy particle measurements with PNTDs

(LEToo'H20_8 keV/_ m) absorbed doses of 19 and 31 mGy were found at the

leading and trailing edges. The shielding at the two positions was 2.74 and

8.88 g/cm _, respectively. The corresponding dose equivalents were 124 and 328

mSv. Neutron detectors at the trailing edge measured from 0.12 to 0.82 mSv

for thermal neutrons and from 7.0 to 14.2 mSv for resonance neutrons. The

shielding varied from 16.8 to 6.1 g/cm 2 for the extremes. Further information

on charged particle measurements being performed with the LDEF detectors is

given by Csige et al (ref. 2).

The preliminary measurements have revealed some of the differences in

radiation levels over the surface of the LDEF orbiter and with shielding

depth. Future measurements will allow the development of a more comprehensive

picture of the quantities and of directional radiation variations.
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TABLE I

PO006: LDEF ABSORBED DOSE MEASUREMENTS WITH TLD-700

TLD Plate Tissue Absorbed Dose Rate A1 Equivalent
No. Dose (Gy) (mGy/d) Shieldin9 (g/cm 2)

1 6.48 ± 0.24 3.07 : 0.II 0.48

2 3.92 ± 0.21 1.85 ± 0.I0 4.10

3 3.16 ± 0.15 1.49 ± 0.07 8.34

4 2.76 ± 0.13 1.31 ± 0.06 12.2

5 2.66 ± 0.12 1.26 _ 0.06 15.4

The doses were approximately uniform over Plates 1 and 2 and were non-
uniform over Plates 3, 4 and 5 (due to lesser shielding through the
sides than through the top of the detector assembly for the deeper TLD
plates). The minimum shielding to the side (for only the detector
assembly) of the individual TLDs was 1.96 to 6.66 g/cm 2 A1 equivalent.
All shielding was converted to A1 equivalent on the basis of the rela-
tive ranges of I00 MeV protons in the materials.
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TABLE II

PO004: LDEF ABSORBED DOSE MEASUREMENTS WITH TLD-700

Detector Canister Tissue Absorbed Dose Rate A1 Equivalent

No. No. Dose (Gy) (mGy/d) Shielding (9/cm 2)

l 6 6.64 ± 0.29 3.14 ± 0.14 0.42

2 6 2.91 ± 0.07 1.38 ± 0.03 II.I

3 6 3.88 ± 0.22 1.83 ± 0.I0 _5

4 4 3.12 ± 0.08 1.48 -+ 0.04 6.11

5 2 3.05 ± 0.08 1.44 ± 0.04 6.10

6 5 3.09 -+ 0.08 1.46 ± 0.04 6.10

7 7 2.93 ± 0.I0 1.39 ± 0.05 6.10

8 3 3.15 ± 0.08 1.49 ± 0.05 6.10

GCl 3.2-+0.2x10-3 1.3xl 0-3*

GC2 3.2±0.2xi 0-3 1.3xl 0-3*

* For a total detector assembly time of 2418 days. The flight detectors
are averaged over the LDEF orbital duration of 2115 days.

The minimum shielding to the side _for only the detector assembly) of
the individual TLDs was _12.4 g/cm z A1 equivalent. All shielding was
converted to A1 equivalent on the basis of the relative ranges of I00
MeV protons in the materials. The proton range in the seed was assumed
to be equal (in units of g/cm 2) to that of polycarbonate plastic.
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TABLE III

MOO04: LDEF ABSORBED DOSE MEASUREMENTS WITH TLD-700

Detector TLD Plate Tissue Absorbed Dose Rate

No. No. Dose (Gy) (mGx/d)

3(GC)

4(GC)

Al Equivalent
Shielding (g/cm 2)

1 2.10 ± 0.13 0.99 ± 0.06 2.90

2 2.37 ± 0.I0 1.12 ± 0.05 1.37

1 2.19 ± 0.12 1.04 ± 0.06 2.90

2 2.58 ± 0.09 1.22 ± 0.04 1.37

1 2.9±0.2x10 "3 1.3±O.IxlO -3.

2 3.2±0.2xi0 "3 l.4±O.IxlO -3*

1 2.9±0.2xi0"-: 1.3±0.1xi 0-3*

2 2.9±0.2xi0-3 1.3±0.1xi0"3"

* For a total detector assembly time of 2271 days. The flight detectors
are averaged over the LDEF orbital duration of 2115 days.

All shielding materials were converted to Al equivalent on the basis of

the relative ranges of lO0 MeV protons in the materials.
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TABLE IV

AO015: LDEF ABSORBED DOSE MEASUREMENTS WITH TLD-700

Canister

No.

TLD Plate

No.
Tissue Absorbed

Dose (Gy)

3.93 ± 0.08

2.74 -+ 0.23

2.41 -+0.18

Dose Rate

!mGy/d)

1.86 ± 0.04

1.30 ± 0.II

1.14 ± 0.09

Al Equivalent

Shieldin 9 (a/cm 2)

1.66

6.23

I0.0

2 1 4.49 ± 0.II 2.12 ± 0.05

2 3.29 -+0.22 1.56 ± 0.I0

3 3.04 -+0.32 1.44 -+0.15

3.85

7.83

II .7

3 1 3.47 -+ 0.22 1.64 -+ 0.I0

Canister #1 was to Earthside.

Canister #2 was at the trailing edge.

Canister #3 was vented to space and at the trailing edge.

Minimum shielding to the side (for only the detector assembly) of the
individual TLDs was 2.52 to 5.31 g/cm2 Al equivalent.

All shielding materials were converted to Al equivalent on the basis
of the relative ranges of lO0 MeV protons in the materials.
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TABLE V. PNTD MEASUREMENTS FROM MOO04 (7-IC-I, 2)

Flux Dose rate Dose equiv, rate

(cm-2"s-1"sr -1) (_Gy d -I) (_Sv d-I)

TOTAL 2.847x10 -4 9.09 58.8

GCR 6.322xi0 -6 0.47 5.0

SR 2.784xI0 -_ 8.62 53.8

LET_-H20 _ 8 keV/pm
Minimum shielding was 2.74 g/cm 2 A1 equivalent

TABLE VI. PNTD MEASUREMENTSON PO006 (7-119, 120)

Flux Dose rate Dose equiv, rate

(cm-2.s-1"sr -I) (uGy d-I} (_Sv d-I)

TOTAL 2.526x10 -4 14.8 155

GCR 7.980xI0 -_ 1 .I 5 17.0

SR 2.446xi0 -4 13.6 138

LET_.H20 _> 8 keV/pm
Minimum shielding was 8.88 g/cm 2 A1 equivalent
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Table VII. Thermal and Resonance

Neutron Measurements for PO006

Neutron Energy Fluence Dose Equivalent

Ranse (cm -2) (mSv)

Dose Equivalent rate

( _Svd -' )

_0.2 eV 1.22 ± 0.24 x i07 0.124 ± 0.024 0.059 ± 0.011

0.2 eV - 1MeV 1.43 ± 0.72 x i08 7.0 ± 3.5 3.3 ± 1.6

Minimum shielding above the detector was 16.8 g/cm 2 A1 equivalent. To the side

it was 3.3 g/cm 2 plus shielding external to the canister.

Table VIII. Thermal and Resonance

Neutron Measurements for PO004

Neutron Dose Dose

Canister Energy Fluence Equivalent Equivalent

# Ranse (cm-2) (mSv) Rate ( _ Svd-')

3 _. 0.2 eV 8.1 + 1.6 x i0 r 0.82 ± 0.16 0.38 ± 0.07

0.2 eV - 1 MeV 2.9 ± 1.4 x 108 14.2 ± 7.1 6.7 ± 3.4

_ 0.2 eV 4.0 ± 0.8 x I07 0.41 ± 0.08 0.19 ± 0.04

0.2 eV - 1MeV 1.9 ± 0.9 x i08 9.2 ± 4.6 4.3 ± 2.2

Minimum shielding above the detector was 6.1 g/cm _ A1 equivalent. To the side

it was approximately 12.4 g/cm2 plus shielding external to the canister.
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SUMMARY

The linear energy transfer (LET) spectra of charged particles has been measured in the 5-

250 keV//zm (water) interval with CR-39 and in the 500-1500 keV//zm (water) interval with

polycarbonate plastic nuclear track detectors (PNTDs) under different shielding depths in the

P0006 experiment. The optimal processing conditions were determined for both PNTDs in

relation to the relatively high track densities due to the long-term exposure in space. The total

track density was measured over the selected samples, and tracks in coincidence on the facing

surfaces of two detector sheets were selected for measuring at the same position on each sheet.

The short range (SR) and Galactic Cosmic Ray (GCR) components were measured separately

with CR-39 PNTDs and the integral dose and dose rate spectra of charged particles were also

determined. The high LET portion of the LET spectra was measured with polycarbonate PNTDs

with high statistical accuracy. This is a unique result of this exposure due to the low flux of

these type of particles for typical spaceflight durations. The directional dependence of the charged

particles at the position of the P0006 experiment was also studied by four small side stacks which

surrounded the main stack and by analyzing the dip angle and polar angle distributions of the

measured SR and GCR particle tracks in the main stack.

INTRODUCTION

In the past a series of cosmic ray radiation dosimetry measurements -- including charged

particle measurements -- has been carried out both by Americans and Soviets (ref. 1). These

measurements were usually performed on short term flights and with changing orientations of

the spacecraft and detectors during the flights. The unique features of the LDEF mission, such

as the very long duration time (2115 days) in space and the fixed gravity orientation, provide

Work partially supported by NASA grant No. NAG8-168 (NASA-Marshall Space Flight Center, Huntsville)
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excellentopportunities for dosimetric experimentson LDEF. For exampleplastic nuclear track
detectors (PNTDs) can measurethe high LET-tail of the LET (linear energy transfer)-spectra

with superior statistical accuracy and can determine the directional dependence of cosmic ray

particles as well as of their secondaries.

The Physics Department of the University of San Francisco in collaboration with the NASA-

Marshall Space Flight Center has carried out several space radiation dosimetry measurements

aboard LDEF. Data from experiments at different positions on the orbiter can be correlated. The

unification of the results should provide accurate cumulative exposures of the LDEF orbiter from

different directions. Early results of these experiments are discussed by Benton et al. (ref. 2). In

this paper we present preliminary results obtained by evaluating PNTD sheets from one of the

major dosimetric experiments (P0006) on LDEF. The heavy cosmic ray charged particles detected

with PNTDs have a high quality factor and the ability to produce special effects in biological

samples and single event upsets in microelectronic circuits which underlines their importance

especially in long duration flights.

EXPERIMENTS

Experiment P0006 on LDEF contained a stack of passive integrating detectors to measure

different components of the accumulated radiation exposure on the LDEF. It includes stacks

of different kinds of PNTDs and thermoluminescent detectors (TLDs) designed to measure the

variation of LET spectra of cosmic ray charged particles and the total absorbed dose as a function

of shielding depth. Activation foils for neutron and proton fluences, fission foil detectors also for

neutrons and muscovite mica for heavy HZE particles are also included.

The structure of the detector stack, showing the major components, is given in Figure 1. Of

the 9 central stack modules, the upper 8 contain PNTDs in separate arrays. The PNTDs used

were pure CR-39, CR-39 with DOP, Tuffak and Sheffield polycarbonate and Melinex polyester.

hlitial studies have been conducted with CR-39 and Sheffield polycarbonate.

The high sensitivity CR-39 (USF-4, University of San Francisco) track detectors were used to

measure the LET-spectra in the 5-250 keV/ttm (water) interval.The standard technique normally

used with space flight materials had to be modified because of the very high track densities

obtained in these samples due to the long-term exposure in space. Hence shorter etching time

(36 hrs at 50°C in 6.25 N NaOH, which corresponds to about 10 tim removed layer) and higher

magnification (×600) for scanning and measuring of these samples has been applied. Detector

saturation, due to track overlapping, would occur for the normal processing time of 168 hrs (40

tim). For the measurement of the high LET-tail of the LET-spectra the Sheffield polycarbonate

was used. Although the track density in this detector was found to be much lower than in CR-39

(due to the lower sensitivity of this detector) the optimal etching time was found to be even

shorter than in the case of CR-39. This is because the majority of the tracks in this detector are

formed by short range secondary particles which are over-etched after a few micron-thick layer is
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removed. Even after a 4 #m removed layer -- applied in our study -- about half of these tracks

were found to be overetched. This means that information about charge, energy and LET of the

particles which can be obtained from the measured etched pit diameters is limited.

In both CR-39 and polycarbonate measurements the coincidence method of track detection

has been used. Processed sheets were reassembled as pairs in their original flight orientations.

The doublets mounted on the microscope stage were scanned at the inner adjacent surfaces and

tracks in coincidence were selected for measuring. Tracks at one surface are neglected because

they do not contribute to the flux of charged particles present at the pre-etched surfaces of the

track detector sheets. In the case of CR-39 PNTDs detected events were then separated into

long range (the particle left tracks on all four surfaces of the doublet) or short range (the particle

left tracks on the two inner surfaces or the two inner and one outer surface). The short range

(SR) particles are usually due to stopping primary protons (mainly trapped) or to secondaries

from target nuclei in the CR-39.

The track parameters were measured at the upper of the two adjacent surfaces and particle

LET was calculated using the measured detector response curves. Integral and differential LET-

spectra for flux, dose rate and dose equivalent rate were then generated.

RESULTS AND DISCUSSION

LET-spectra Measurements

The integral LET-spectra -- measured with CR-39 track detectors -- in the main stack and

in the side stacks A and B are presented in Figure 2. The shielding depth in the main stack was

6.5 g/cm 2 and 0.5 g/cm 2 in the case of the side stacks. Side stacks A and B, however, were facing

to different directions (see Figure 1), hence the difference in the LET-spectra measured by these

detectors can be explained by the directional dependence of the charged particle radiation field

at the position of the P0006 experiment.

Figure 3. shows the high LET-tail of the LET-spectra measured by Sheffield polycarbonate

PNTDs in the main stack of P0006 at two different shielding depths. Most of the tracks measured

in polycarbonate were found to be rounded on both the second and third surfaces of the detector

doublet. These tracks are formed by short range secondary particles, when the total trajectory

is fully etched out for both directions. Primary particles usually produce double pointed or a

pointed and a rounded track at tile adjacent surfaces. About half of the tracks look like small

bubbles, which means that the trajectory of the particle was completely within the bulk layer

removed during the etching process. The etch rate ratio and LET value which are obtained for

these tracks (from the measured diameters of the tracks) usually underestimate the real value.

Also the size of these tracks is very small and the scanning efficiency is less than optimum.

For these reasons the refiabihty of LET-spectra obtained with polycarbonate detectors is better

for values of LET>600 keV/fzm. The relatively low sensitivity of this material also suggests
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that these tracks axe probably formed by ions heavier than alpha particles. An interesting and

important observation is that the flux of the particles in the 800-1200 keV/#m region does not

depend on the shielding depth of the evaluated samples. Measurements with higher shielding

depths are in progress.

Some of the problems mentioned above can be compensated for by using two or multiple

step etching. The advantage of this technique is higher accuracy of LET measurement at the

adjacent surfaces and a possible charge and energy determination of short range recoils. The

application of the approximately tissue equivalent PNTDs to perform this kind of measurement

is also unique because the LET, charge and energy distribution of heavy recoils depends on the

chemical composition of the target material, which in the case of PNTDs is the detector material

itself. If a material other than PNTD is used, the recoils will differ. The ideal detector for this

study would be a tissue equivalent detector, with dimensions equal to at least the average range

of heavy recoils. To measure the LET value or to identify the particle, however, we need local

information along the particle trajectory.

Directional Dependence

The contour of the surface openings of etched particle tracks can usually be considered to be

elliptical. From the measured diameters of the ellipse it is possible to calculate the dip angle (the

angle between the trajectory and the surface of the detector) and from the orientation of the

ellipse the azimuthal angle of the particles. The dip angle distribution of measured particles is

strongly modified by the detection efficiency of the detector, that is, paxticles with low LET can be

detected only at high dip angles (close to normal incidence). The azimuthal angle measurement is

also limited. Tracks of particles close to normal incidence and those over-etched into the spherical

phase are circular, hence the azimuthal angle cannot be determined. Another problem is that

the direction of movement of the particle along the trajectory is not always known. This means

that the azimuthal angle can be determined to the extent of a rotation by 7r. In our azimuthal

angle measurements we assumed that all the particles were moving into the stack and none out

of it. Figures 4 and 5 show the azimuthal angle distribution of GCR particles (measured with

CR-39) and short range secondary paxticles (Sheffield polycarbonate) in the main stack of P0006

experiment. (The orientation of P0006 experiment on the LDEF is not yet confirmed.)

Although there are some limitations in studying the azimuthal angle distribution of cosmic

ray charged particles, the results presented here clearly indicate that there is a strong directional

dependence both of GCR and secondary heavy ions. These effects are probably related to the

effect of the Earth's magnetic field and the anisotropy of trapped protons.
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CONCLUSIONS

Initial results of the P0006 experiment show that:

• The LET-spectra of cosmic ray charged particles depend on the orientation of the PNTD

stack.

The high LET-tail of the LET-spectra does not change significantly with the shielding

depth.

There is a significant directional dependence of both GCR and short range secondary heavy
ions.

The preliminary results of P0006 experiment show that the LDEF mission provided a unique

and unprecedented opportunity to gather data on the space radiation environment in low earth-

orbit. The collection of more comprehensive experimental data and its detailed analyses will be

invaluable in addressing the numerous issues concerning the ionizing radiation environment in

space and its impact on manned and unmanned space missions.
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SUMMARY

In conjunction with the analysis of LDEF ionizing radiation dosimetry data, a calculational
program is in progress to aid in data interpretation and to assess the accuracy of current radiation
models for future mission applications. To estimate the ionizing radiation environment at the
LDEF dosimeter locations, scoping calculations for a simplified (one-dimensional) LDEF mass
model have been made of the primary and secondary radiations produced as a function of

shielding thickness due to trapped proton, galactic proton, and atmospheric (neutron and proton
cosmic-ray albedo) exposures. Preliminary comparisons of predictions with LDEF induced
radioactivity and dose measurements have been made to test a recently developed model of trapped
proton anisotropy.

INTRODUCTION

Purpose

A calculational program is in progress as part of the LDEF ionizing radiation investigations,
with the following objectives:

Data Analysis Support - Calculations are being used to help interpret the LDEF ionizing radiation
measurements. In most cases the LDEF dosimetry data represent an integration of several effects,
such as contributions from different environment sources (galactic and trapped radiation), influence
of shielding variations (from both experimental apparatus and spacecraft structure), and secondary
particle contributions from nuclear interactions. The calculations can be used to "unfold" the
dosimetry data to estimate the influence of these individual effects, which is needed if the LDEF
data are to be fully applicable for future missions having different orbit parameters and spacecraft
configurations.

Model Validation - LDEF data are being utilized to evaluate the accuracy of present ionizing
radiation models. This includes models for predicting both the "external" environments (ionizing
radiation fields external to the spacecraft) and the "internar' environments (ionizing radiation
environments at locations internal to the spacecraft, which include the effects of radiation
interactions and transport).

*Work partially supported by NASA Marshall Space Flight Center, Huntsville, AL, Conu'act NAS8-38566.
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FutureMissionApplications- Theoverallobjectiveof thecalculationalprogramis to fully utilize
theLDEFdatato testandrevisecurrentionizingradiationmodelsfor futuremissionapplications.
Thisshouldresultin moreaccuratemodelsfor predictingcrewdosefor plannedlongduration
missions(SpaceStationFreedom,SpaceExplorationInitiative)andfor assessingradiation
backgroundsto sensorsanddeterminingachievablemeasurementsensitivitiesfor plannedspace-
basedobservatories(e.g.,EarthObservingObservatory).Furthermore,benchmarkingmodels
withLDEFdatawill reducepresentmodeluncertaintiesinvolvedin assigninghardwaredesign
marginsfor meetingmissionradiationrequirements.Thiswill helppreventboth"under-design"
(whichcanleadto reducedmissionperformance)and"'over-design"(resultingin excessivecosts).

LDEFDatafor RadiationModelValidation

TheLDEFmissionhadseveraluniquefeaturesthatareimportantto thevalidationof ionizing
radiationmodels:

Well Instrumented- A varietyof differenttypesof radiationdosimetry,withmultipledosimeters
of eachtype,wereonboard,providingahigh-confidencedatasetfor benchmarkingthemodels.
Also,dosimeterswereplacedatvariouslocationsonthespacecraftandbehindvariousthicknesses
of shielding,allowing testsof bothexternalenvironmentmodelsandthetransportmodelsfor
predictingtheradiationenvironmentinternalto thespacecraft.

LongExposure- Dosimetryresultshavehighstatisticalaccuracydueto thelongmission
duration.This isparticularlyimportantfor checkingmodelpredictionsof thehigh-LETcomponent
of cosmicraysandnuclearinteractionproducts,which is of key importancein assessingradiation-
induced biological and electronics damage.

Fixed Orientation - The very stable orientation of LDEF during the entire mission (< 0.2 °, ref.
1), together with dosimetry placements at various positions around the spacecraft, allow the
directionality of the incident radiation to be measured. This provides a unique opportunity for
testing a recently-developed model (ref. 2) for predicting the directionality of the trapped proton
flux. Since the radiation dose (at most shielding depths) for spacecraft in low-earth orbit is
dominated by the trapped proton exposure, this anisotropy may have practical importance for
planned fixed-orientation spacecraft in low-earth orbit, such as for Space Station Freedom.

Thus, the LDEF data provide a significant opportunity for model improvement in addressing
ionizing radiation issues for future missions, as summarized in figure 1.

APPROACH

Figure 2 gives an overview of the calculational approach and indicates some of the specific
models being used. External environment models include the AP8 and AE8 models for trapped
protons and electrons (refs. 3,4), the MSFC model for predicting trapped proton anisotropy (ref.
2), and the galactic proton and heavy ion environments given by the NRL CREME model (ref. 5).

Transport models include both simplified, one-dimensional models commonly used in quick
assessments of space radiation effects -- the MSFC analytical models for proton and electron-
bremsstrahlung transport (refs. 6,7), SHIELDOSE (ref. 8), and CREME (ref. 5) -- as well as
three-dimensional Monte Carlo codes, HETC (ref. 9) and MORSE (ref. 10). The Monte Carlo
codes take into account in detail the secondary particle production and transport and can treat three-
dimensional, multimedia spacecraft models, capabilities which are needed in some cases for
definitive comparisons with the LDEF measurements.

348



Thiscalculationalapproachcanprovidepredictionsfor all of thedifferenttypesof LDEF
radiationmeasurements- namely: (a) inducedradioactivity,includingboththeactivationof metal
samples(Ni, Co,V, Ta,andIn) placedin LDEFexperimentpackagesandtheactivationof various
spacecraftstructuralcomponents(e.g.,trunnions,experimenttrayclamps); (b) measurementsof
tissue-equivalentabsorbeddoseusingthermoluminescencedetectors(TLDs); (c) measurements
of linear-energy-transfer(LET) spectraby plasticnucleartrackdetectors(PNTDs); and (d)
particlefluenceandenergyspectra,includingsecondaryneutrons,asmeasuredby fissionfoils,
specificactivationreactions,low-energyneutrondetectors(6LiFfoils), andPNTDs.

Theshadedareasin figure2 indicatetheemphasisof themodelingto date.An important
approximationfor theinitial calculationsis thataverysimplified(in mostcasesone-dimensional)
spacecraftmodelhasbeenused.To obtaindefinitivecomparisonswith mostof themeasurements,
detailedshieldingvariationsaboutthedetectorneedto betakenintoaccount,sodevelopmentof a
3-DLDEF massmodelfor radiationcalculationsisunderway(ref. 11).

RESULTS

Emphasisof theinitial calculationshasbeenin twoareas:(a)scopingcalculationsof the
importanceof differentexposuresourcesandsecondaryparticlesto theinducedradiation
environment,and (b)calculationsandcomparisonswithmeasurementstochecktheaccuracyof a
recentmodelfor predictingtheanisotropyof trappedprotons.

ScopingCalculations

Thepenetratingradiationenvironmentfor theLDEF orbitconsistedof protons(with a
relativelysmallcontributionof heavierions)trappedin theearth'smagneticfield, protonsand
heavierionsof galacticorigin,andalbedoneutronsandprotonsdueto galacticcosmic-ray
bombardmentof theearth'satmosphere(ref. 12). Sincetheangularvariationof thesesourcesis
quitedifferent(figure3),andsincematerialattenuationwithin LDEFisdifferentfor eachsource,
animportantquestionfor datainterpretationconcernsthemagnitudeof thecontributionfrom each
componentat theLDEFmeasurementlocations.Thus,a setof scopingcalculationswasmadeto
obtainageneralindicationof (a) theimportanceof differentspaceradiationsources,(b) the
importanceof secondaryparticlesgeneratedwithin LDEF,and (c)thespatialvariationof the
inducedradiationenvironment.

ThecalculationswerecarriedoutusingMonteCarlotransportmethods,with theSAIC
versionof theHETCcode(ref. 13)for high-energytransportandtheMORSEcodefor low-energy
(< 20MeV) neutrontransport.Thesewereonly scopingestimatesbecauseseveralimportant
approximationshavebeenmadein thisinitial work -- e.g.,aone-dimensional(aluminumslab)
modelof LDEF wasused,andtheangularvariationof theincidentradiation(particularlythe
trappedprotonanisotropy)wasnotaccuratelysimulated.Subsequentcalculationsusinga3-D
LDEF massmodelareplannedto removetheseapproximations.

Exampleresultsareshownin figure4 for thedepth-dependentparticlefluence,andfigure 5
showsfluencespectraata particulardepth (10g/cm2).(Toroughlyrelatethesedepthsin termsof
arealdensityto LDEF,if theLDEF spacecraftis representedasacylindertheaveragearealdensity
is 32g/cm2acrossthediameterand and68g/cm2endtoend.) Theseresultsindicatethatthe
contributionfrom albedoneutronsandprotonsisnegligible,andthattherelativeimportanceof
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trappedvs.galacticsourcesdependson theshieldingdepthandradiationeffectof interest. In
termsof fluenceoverall energies,figure5 showsthatsecondaryneutronsdominatefor depths
_>10 g/cm2.

A reporton additional results from these calculations, including the induced radioactivity in
aluminum and stainless steel produced by different sources and particle types, is available (ref.
14), and a summary has been accepted for journal publication (ref. 15).

Trapped Proton Anisotropy

The ionizing radiation dose at most shielding depths for spacecraft in low-earth orbit (LEO) is
produced mainly by trapped protons in the South Atlantic Anomaly (SAA) region. The standard
NASA models (AP8MIN and AP8MAX) for describing the trapped proton environment do not
provide an angular dependence, although the proton flux is actually highly anisotropic in the SAA.
This anisotropy has not been an important practical consideration for most previous LEO missions
because the varying spacecraft attitude during passage through the radiation belt "averages out"
anisotropic effects over many orbits. However, for the fixed orientation of LDEF, and for several
planned missions (e.g., Space Station Freedom, Earth Observing Satellite) where the spacecraft
will be gravity-gradient stabilized, the cumulative proton exposure will remain anisotropic, and will
result in a highly nonuniform dose distribution around the spacecraft.

Watts, et al. (ref. 2) have recently developed a model to predict orbit-average, angular
dependent trapped proton flux spectra from the standard omnidirectional AP8MIN and AP8MAX
data bases. Since trapped proton anisotropy effects may be an important consideration for Space
Station design and operation, a priority for the calculational work has been to utilize LDEF data to
evaluate the accuracy of this anisotropy model, as summarized below. These initial results must be
considered as preliminary because of several simplifications in the calculations to date, and because
the LDEF data are not yet fully analyzed.

Anisotropy of Tray Clamp Activation

The measured induced radioactivity of the aluminum clamps (ref. 16) used to secure the LDEF
experiment trays provides very appropriate data for checking the anisotropy model since these
clamps are located on all sides of the spacecraft and at various directions relative to the flight

vector. Also, since the clamps are located on the outer surface and are thin (1.3 g/cm2), we expect
(based on the scoping Monte Carlo calculations; e.g., figure 4) the activation from galactic protons
and secondary particles to be small, so the measured activation is predominantly from the primary
trapped protons.

The 22Na production in aluminum has been predicted as a function of direction (in the

horizontal plane perpendicular to the LDEF longitudinal axis) and for various shielding depths
(figure 6). These calculations were made for a point behind an aluminum slab shield (assuming
that the direction normal to the plane is pointed in the plotted direction, and assuming that no
particles enter from the "back side" of the plane). The proton transport code of Burrell (ref. 6)
was used. The angular distribution of the trapped protons were taken from a pre-computed data
base for discrete altitudes (ref. 17), with results for 450 km and solar minimum used here; thus,

the properly averaged angular spectra for solar cycle variation and the varying altitudes during the
LDEF mission have not yet been applied.
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Theresults(figure6) showminimumactivationneartheEast(leadingedge)of thespacecraft
andmaximumactivationneartheWest(trailing)direction.Thepredictedanisotropyin termsof the
ratioof West-sideactivationto East-sideactivationvariesfrom afactorof about1.8nearthe
surfaceto afactorof 3.5at 10g/cm2depth.This increasein anisotropywith depthis dueto the
increasinganisotropyof theincidentprotonsat higherenergies(refs.2, 18).

A comparisonof thepredicted22Naactivationatadepthcorrespondingto themid-depthof the
trayclamp(0.64g]cm2)with themeasuredactivation(ref. 16)is shown in fig. 7, indicating very
good agreement for these preliminary comparisons. The angular variations are similar in shape,
with the maximum/minimum ratio with respect to direction being 1.8 for the measurements vs. 2.0
for the calculations.

The calculated results in figure 7 are lower than the measurements by about 15% for directions
in the vicinity of West, and lower by about 50% for directions near East. These preliminary
absolute magnitude comparisons suggest a better accuracy for the AP8 trapped proton model than
the factor of two uncertainty commonly quoted.

Dose Anisotropy

Predictions of the absorbed dose anisotropy have also been made and compared with the initial
TLD measurements reported by Benton, et al. (ref. 19) for Experiments P0006 (bay-row location
F-2, near the trailing edge) and M0004 (tray position F-8, near leading edge). These initial
calculations were also made assuming one-dimensional, plane-geometry shielding, so the results
are preliminary.

The predicted ratios are compared with the measured P0006-to-M0004 TLD dose ratios (using
data from ref. 18 with interpolation applied to obtain common shielding depths) in figure 8. These
preliminary comparisons also indicate that the anisotropy model predictions are consistent with
LDEF data.

Directionality of Trunnion Activation

The measured spatial dependence of radioisotopes produced in the stainless steel LDEF
trunnions (refs. 20, 21) also provide an opportunity for checking the anisotropy model. To date,
calculations have been made to compare with only a small subset of the measured data, with some
initial comparisons for the 54Mn activity given here.

The calculations were made for a "simplified" 3-D geometry with the body of the LDEF
spacecraft and experiment trays modeled as a homogeneous aluminum cylinder (with an average
density to preserve the total mass), and with the earth-end trunnion represented as a stainless steel
rod. The activation at a point in the trunnion was computed by (a) determining the areal density
along a 3-D grid of rays emanating from the point (720 rays were used, corresponding to the polar-
azimuthal angular grid used in generating the directional proton environment), (b) computing the
attenuation for each ray using the Burrell 1-D proton transport code, with solid-angle weighting for
each ray to get the cumulative proton spectrum at the point, and (c) folding this spectrum with

cross sections for 54Mn production from the constituents of stainless steel.

Shown in figure 9 is a comparison of the calculational results with the measurements of Moss
and Reedy (ref. 20) for the radial distribution of 54Mn produced in a section of the trunnion

centered 3.5 in. from the end ("Section D" in fig. 8a of ref. 20 ) of the East (leading edge)
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trunnion. Theseresultsarefor twoangularsegmentsof thetrunnionhavingsurfacenormals
pointedin thezenithdirection(labeled"space")andtowardthecenterof theearth(labeled"earth").
Thetrappedprotonanisotropymodelpredictsthat theexternalfluxesdirectedtowardthe"space"
and"earth"directionsshouldbeessentiallythesame,whereasthemeasurementsandtransport
calculationresultsindicatea loweractivationin thespacedirection.A separatecalculationmade
with only thetrunnionpresentshowsthattheloweractivationobservedin thespacedirectionis
dueto theshieldingeffectof theLDEF spacecraft.

Theagreementbetweenthepredictedandmeasuredactivationsin figure9 is quitegoodnear
thesurfaceof thetrunnion,but theagreementbecomessomewhatworsenearthecenter.Results
from the1-DMonteCarlocalculations(ref. 14)showthatgalacticprotonscontributesubstantially
atpenetrationdepthscomparableto thecenterof thetrunnion.Thus,theunderpredictionof the
activationdeepinto thetrunnionindicatedin figure9 maybedueto theneglectof incidentgalactic
protonsin theseinitial calculations.

CONCLUSIONS

LDEFhasprovideduniquedatawhich,basedonpreliminarycomparisonsof initial
measurementsandpredictions,confirmsarecentlydevelopedmodelfor theanisotropyof trapped
protons.Thisanisotropyis importantin predictingtheradiationexposureof otherfixed-
orientationspacecraftin LEO,suchastheplannedSpaceStationandEarthObservingSatellite
missions.

PreliminarycomparisonsalsoindicatethattheLDEFradiationdosimetrydataarein good
agreementwith predictionsusingAP8 trappedprotonflux model. Suchresultscanhelpquantify
thelimits onsafetymarginscommonlyappliedto accountfor radiationenvironmentmodeling
uncertaintiesin spacecraftdesignandpartsselectionandincrewdoseassessments.

Theemphasisof near-termfuturecalculationsisexpectedto beonmodelcomparisonswith
LDEFLET measurements(e.g.,ref. 22). LET spectragenerallyprovideamorestringenttestof
theenvironmentandtransportmodelsthanconsideredtodatefor inducedradioactivityanddose
comparisons,andLET is fundamentalin assessingelectronicsupsetsandbiologicaldamage.For
futurecalculationsa three-dimensionalLDEFgeometry/massmodelwill beimplementedto
properlyaccountfor dosimetryshieldingeffectsandprovidemoredefinitiveassessmentsof the
radiationmodels.
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Unique Features Importance to Importance to Importance to
of Ionizing Radiation

LDEF Mission Data Collection Model/Code Validation Future LEO Missions

• Well-

instrumented

for

ionizing

radiation

measurements

• Long

mission

duration

• Fixed

orientation

(< 0.2 _ wobble

during mission)

• Extensive radiation dosimetry:

- 6 different types of dosimetry

- multiple dosimeters of each type

(= 200 TLD's, > 500 PNDT's,

> 400 activation samples)

- multiple doslmetry Iocahons (in

16 different experimental trays)

• High statistical accuracy of

dosimetry results

• Allows measurement of

trapped proton anisotropy

• Data sufficiently extensive and

detailed to allow variety of

modeling checks - eg :

- absorbed dose

- proton and heavy ion fluence

- energy spectra

- LET spectra

- secondary neutron fluence

and spectra

• Unprecedented data accuracy

for checking model predictions

of high LET radiation from

high Z cosmic rays and nuclear

recoils

• Unprecedented data for testing

models of trapped proton

anisotropy

• Allows benchmarking and

improvements of predictive

methods for addressing

ionizing radiation issues:

- dose to astronauts

- electronics upset/burnout

- materials damage

- rad_atlons backgrounds to

sens#ive instrumentation

• High-LET radiation component is

of key importance in assessing

"single-hit" phenomena:

- biological effects

- Single-Event-Upsets

of electromcs

• Trapped proton anisotropy

important for LEO, fixed-orientation

spacecraft (such as Space Station

Freedom, EOS)

Figure l. Significance of LDEF data for validation of ionizing radiation models.
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Figure 2. Overview of approach and models for LDEF ionizing radiation calculations•
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Figure7.
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SUMMARY

A three-dimensional geometry/mass model of LDEF is under development for

ionizing radiation analyses. This model, together with ray-tracing algorithms, is being
programmed for use both as a stand-alone code in determining 3-D shielding distributions

at dosimetry locations and as a geometry module that can be interfaced with radiation

transport codes.

INTRODUCTION

To aid in the interpretation of ionizing radiation dosimetry data, and to obtain more
accurate comparisons of dosimetry measurements with model predictions, a three-

dimensional geometry/mass model of the Long Duration Exposure Facility (LDEF)

satellite is under development. The modeling approach and level of detail being

incorporated is described below.

APPROACH

Three general categories of LDEF components are defined for modeling purposes

(fig. 1). The major structural components of the spacecraft are being modeled

individually, as illustrated in fig. 2. The mass of other components of the spacecraft
("miscellaneous" category of fig. 1, which amounts to about 5% of the total mass) is

combined with the mass of the larger components, except that the thermal covers are

modeled individually. The third category is the experiment trays, containing the tray itself
and the contents of the experiment. Since the weight of individual experiments varies

substantially (fig. 3), each of the 84 experiment trays is modeled separately.

For experiment trays containing radiation dosimetry, "detailed" modeling of major

components within the tray is being performed so that local shielding variations in the

vicinity of the dosimeters can be accounted for (fig. 4). For trays not containing ionizing

radiation dosimeters, only the volume and mass of the trays are preserved. The contents

of these "generic" trays are modeled as homogeneous aluminum of reduced density.

*Work supported by NASA Marshall Space Flight Center, Huntsville, AL, Contract NAS8-35866.
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Inputdatafor themodelis basedon informationprovidedbytheLDEFProject
Office (J.Jones)andothersatLaRC(R. Shearer),includingengineeringdrawingsof the
spacecraftandpre-flightweightestimatesandlayoutsof individualexperiments,and
informationoncomponentlayoutsandmaterialsdescriptionsobtainedfrom individual
experimenters.

Thecombinatorialgeometrymethodologyis beingused. In thismethodBoolean
logic isappliedto combinedescriptionsof simplebodyshapesto simulatecomplex
geometries.

Themodel is beingprogrammedto allowoperationin eitherof two modes:asa
geometrymodulewhichcanbeinterfacedwith radiationtransportcodes,andasa stand-
aloneprogramwith ray tracing(fig. 5). In this lattermode,thearealdensityandmaterial
compositionalongraysemanatingfrom specifiedpointscanbecomputedto form a 3-D
grid of shieldingvariationsaboutthepoint. For dosimeterswhereindividual particle
tracksaremeasured,thisray-tracingmodewill allow raysto bestartedthathavedirections
correspondingto thetrackdirection,sothematerialtraversedin reachingthedosimetercan
beestimatedfor individualtracks.

STATUS

At presenttheLDEF spacecraftstructurewith genericexperimenttrayshasbeen
modeled.Detailedmodelingfor severalof thetrayscontainingionizingradiation
dosimeters(ExperimentsP0004,P0006,andM0004)is in progress.
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Category

STRUCTURE

MISCELLANEOUS

EXPERIMENTS

No. Weight Weight

Component Places (Ibs.) %

Center Ring 1 2,073 9.7%

Longerons 24 2,280 10.7%

End Frames 2 1,374 6.4%

Diagonal Tubes 8 926 4.3%

Intercostal Rings 72 758 3.5%

Trunions,Pins, & Scuff Plates 10 501 2.3%

End Support Beams 5 285 1.3%

TOTAL STRUCTUR E: 8,197 38.3%

Batteries 2 100 0.5%

Initiate Electronics 1 105 0.5%

Wiring 100 0.5%
Nuts and BoRs 200 0.9%

Damper Assembly 1 62 0.3%

Thermal Covers (Ends) 12 154 0.7%
Ballast Plates 11 365 1.7%

TOTAL MISCELLANEOUS: 1_()8-6" 51%

Experiment Components + Trays 84 12,110 56.6%

Modeling Approach

Modeled as individual component.

Modeled as individual components.

Modeled as individual components.

Modeled as individual components.

Modeled as individual components.

Modeled as individual components.

Modeled as individual components.

Included as part of earth-end support beam weight.

Included as part of center ring weight.

Included as part of center ring weight,

Included as part of center ring weight.

Included as part of space-end support beam weight.

Modeled as individual components.

Included as part of end frames.

Modeled each experiment tray separately, with

individual experiment weights preserved. Modeling

detail for components varies with experiment type.

TOTAL LDEF WEIGHT: 21,393 100.0%

Fig. 1. Level of detail incorporated in LDEF geometry/mass model.
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Fig. 2. Model of LDEF spacecraft structure.
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Fig. 3. Weights of individual experiments on LDEF.
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Bay-Row No.

C-2. G*2 A-O01 5

C-3, C4) A-Or 14

B-3 A-0138

H-3, H-12 M0001

D-3,D-9,G-12 M0002-I

E-6 M0002-2

D-3,D-8,D-9 M0003

F-8 M0004

C-2 M0006

F-2 P0004

F.2 P0006

Experiment

B_ostack (DFVLR)

AIom¢ Oxygen (UAH, MSFC)
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Fig. 4. Modeling approach for LDEF experiments.
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LDEF Geometry/Mass Model

(Combinatorial Geometry Module)

Ray Tracing Program

3-D Transport Codes
(e.g., HETC Monte Carlo Code)

1-D Transport Codes with
3-D Solid Angle Sectoring

Shielding Distribution
for 3-D Ray Grid

Fig. 5. Utility of LDEF geometry/mass model.
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C. Domingo
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SUMMARY

The LDEF Ultra Heavy Cosmic Ray Experiment (UHCRE) employed sixteen

side viewing LDEF trays giving a total geometry factor for high energy cosmic rays

of 30 m2sr. The total exposure factor was 170 m_sr y. The experiment is based on a

modular array of 192 solid state nuclear track detector stacks, mounted in sets of four

in 48 pressure vessels. The extended duration of the LDEF mission has resulted in a

greatly enhanced potential scientific yield from the UHCRE. Initial scanning results

indicate that at least 1800 cosmic ray nuclei with Z >65 have been collected, including

the world's first statistically significant sample of actinides. Post-flight work to date

and the current status of the experiment are reviewed.

INTRODUCTION

The Long Duration Exposure Facility (LDEF) was deployed into a near circular

orbit of 257 nautical miles altitude and 28.5 ° inclination by the Space Shuttle Chal-
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lenger in April 1984. Almost six years later on January 12 1990 it was retrieved from

a decaying orbit of approximately 180 nautical miles by the Space Shuttle Columbia

and returned safely to Earth. The Ultra Heavy Cosmic Ray Experiment (UHCRE),

which was mounted on the LDEF, was the largest array of cosmic ray particle detec-

tors ever flown in space. It comprised a total of 192 solid state nuclear track detectors

stacks housed in 48 pressure vessels (at 1 atm of dry air) which were mounted in 16

of the LDEF experiment trays. Each stack was 20cm x 26cm in area and contained

mainly lexan polycarbonate interleaved with lead velocity degraders. The average

Lexan equivalent thickness of the detectors was _ 4.7 g/cm 2. (ref.l,2)

Initial inspection and analysis of the UHCRE hardware took place in the Space-

craft Assembly and Encapsulation Facility II at Kennedy Space Center (KSC) after

which the experiment trays were removed and shipped to the European Space Re-

search and Technology Centre (ESTEC) at Noordwijk.

ACTIVITIES AT KENNEDY SPACE CENTER AND ESTEC

The extended LDEF mission resulted in (i), a greatly increased sample of ultra

heavy cosmic ray nuclei (Z _> 65) and (ii), a wealth of information on meteoroid and

space debris impacts on the UHCRE hardware. Activities at KSC were related to

the latter investigation.

Impacts of size greater than 0.5 mm on the tray flanges were located by eye

inspection. This was followed by photo documentation of all front and back tray sur-

faces. All sixteen Scheldahl G411500 thermal blankets of the UHCRE were inspected

and the positions of impacts of size greater than 0.3 mm were recorded (ref.3). The

blankets were then trisected and one third of each was archived at KSC while the

remainder were shipped to ESTEC. A detailed report of the preliminary investigation

of meteoroid and orbital debris impacts can be found in these proceedings (ref.4).

Following an eye inspection of the upper surfaces of the cylinders and support frames

all UHCRE hardware was shipped to ESTEC in the original containers.

At ESTEC a preliminary survey of the thermal covers was carried out by F.

Levadou (ref.5) and further studies were reported at this conference (ref.6). The

aluminium cylinders were removed from their trays in clean room conditions to avoid

any surface contamination. Subsequently, the gas pressure within each cylinder was

measured and it was found that no leakage had occurred. Six of the cylinders con-

taining the detector stacks scheduled for post flight calibration were shipped to the

Bevalac. The detector stacks were removed from the remainder of the cylinders and

were shipped to Dublin for processing and analysis.
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CALIBRATION OF DETECTORS

Pre-flight and post-flight calibration of the UHCRE detectorswas carried out
at the Berkeley Bevalac. In the preflight calibration which wasundertaken in 1983,
a number of stacks were exposed to 960 MeV/N uranium and 300 MeV/N iron
and earlier (1979) to 122 MeV/N iron ions. Post fight calibration in May 1990
consistedof exposuresto high energyuranium (920 MeV/N), gold (1150MeV and
663MeV/N), krypton (1496MeV/N), iron (1690MeV/N and 400MeV/N). The aim
of thesecalibrations was twofold; namely, (i) to determine the valueof the constants
in the expressionused to determine the chargeof the individual ultra heavy cosmic
ray nuclei, (the etchrate is of the form Vt=aJ n where J--f(_), Zeyf is the effective

charge and a and n are constants determined from calibration) and (ii) to determine

whether there was any 'ageing' of the latent tracks of the particles during the LDEF

Mission.

To date, measurements on the calibration data are at a very preliminary stage.

Several uranium nuclei from the post flight calibration have been followed to their

stopping points and their energy determined to a high degree of accuracy. The

preliminary calibration data shown in fig.lf should be taken as a rough guide until

further data is processed. It is shown here to indicate that the nuclei displayed are

indeed ultra heavy and are in the charge region 70<Z<92. The bar marked uranium

in fig.lf shows the range of values expected for uranium nuclei of _=0.97 (scaled

up from measurements made at _=0.77), using the standard model and assuming a

value of n between 2.0 and 2.5, which corresponds to the limits found in previous

experiments. The gold data was calculated using the same data and assumptions.

Comparison of pre flight and post flight calibration data will be available later this

year.

TEMPERATURE HISTORY OF UHCRE DETECTORS

The charge resolution achievable on the ultra heavy cosmic ray experiment is

dependent on the temperature history of the UHCRE modules throughout the LDEF

Mission (ref.7). The thermal design of the experiment was aimed at maintaining the

temperature of the detectors below 30°C(86°F) and ensuring as narrow a band as

possible between maximum and minimum values. Temperatures were measured at

selected locations on the LDEF structure during the first 490 days of flight. These

data were used in post flight analysis to update LDEF thermal models (ref.8). The

in-flight parameter data has allowed an accurate assessment of the thermal model
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usedand the resulting temperature uncertaintieshavebeenreducedfrom a preflight
value of ±40°F to lessthan =kl8°F. Table 1 showsthe maximum and minimum tem-
peraturescalculated for the locationsof all UHCRE trays along with the associated
temperature band (A) for eachcase.

Table 1 - Maximum and Minimum TemperaturesExperiencedby UHCRE Trays
Tray Position Min Temp(°F) Max Wemp(°F) A

on LDEF

A2 48.7 86.9 38.2

A4 52.2 85.5 33.3

A10 50.6 82.5 31.9

B5 40.7 85.7 45.0

B7 37.9 90.1 52.2

C5 39.5 83.3 43.8

C6 34.8 91.6 56.8

C8 48.7 86.9 38.2

Cll 38.9 80.9 42.0

D1 33.2 81.3 48.1

D5 37.5 82.4 44.9

D7 34.3 87.2 52.9

D 11 36.7 77.4 40.7

E2 38.6 74.2 35.6

El0 41.4 71.6 30.2

F4 48.2 77.9 29.7

Further refinement of the LDEF thermal model is continuing but it is unlikely

that the values in Table 1 will alter significantly (private communication, T. Sampair).

Overall the temperature results are very encouraging. The mean temperature of the

individual trays was well below the upper limit chosen as the basis for the thermal

design. Furthermore the mean width of the temperature band was 41.5°F (23°C),

smaller than expected on the basis of preflight analysis.

PRELIMINARY PROCESSING AND ANALYSIS

Three Lexan Polycarbonate detector sheets were removed from a number of

the stacks and were etched for periods varying from 5 to 15 days at the standard
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conditions of 40°C temperature and 6.25 N NaOH etchant. The sheets chosen were

from the top, centre and bottom portions of these stacks providing a spread of path

lengths varying from ,_ 0.01 cm to _ 4 cm in each case. Initial inspection showed

that the surfaces of the sheets were of high quality and that the optical conditions

for locating and measuring the tracks of ultra heavy nuclei were excellent.

Having located and measured the track parameters of a given nucleus in the top

plate, its trajectory through the stack was estimated and the corresponding tracks

were located and measured in the two lower parts of the stack. The number of ultra

heavy nuclei observed ranged from 5 to 13 per stack indicating a total sample of

>1800 collected during the LDEF mission.

Figure 1 displays the preliminary data obtained for ultra heavy nuclei in five of

the UHCRE stacks. Plots of etch rate versus path length traversed in each stack is

displayed for stacks 61, 146, 157, 181 and 212 (Figs. la, b, c, d, e resp.) These stacks

were mounted in trays which were placed on rows six and eight of the twelve sided

LDEF polygon (the leading edge was number nine).

It can be seen that for each stack the measured etch rates lie between 1.1 ttm/hr

and 0.5 #m/hr indicating a general consistency among the various sets of data. The

different path lengths in the stacks for the centre and lower sections is due to different

angles of incidence of the ultra heavy nuclei.

DISCUSSION

The initial post flight assessment of the UHCRE and preliminary data analysis

indicate that the 69 month exposure in Earth orbit has achieved the major objectives

of the experiment. The data shown in Fig. 1 display the characteristics of high energy

ultra heavy nuclei as they traverse several grams of matter (ref.9). In the majority

of cases there is no appreciable change in etch rate. Where a significant change does

take place, the data is consistent with the occurrence of fragmentation in the stack.

(In this regard it should be noted that, due to the inflight orientation of the LDEF,

particles could enter the detector stacks from both top and bottom). The charge

regime covered by the preliminary data as indicated by the quick look calibration

measurements is consistent with that expected for relativistic cosmic ray nuclei in

Lexan Polycarbonate (charge threshold Z--_ 70).

The temperature history of the detectors gives rise to optimism with regard to

the registration temperature effect and the long term ageing of latent tracks. On the

basis of the temperature regime experienced by the UHCRE trays, (91.6 °F (33.1°C)

to 33.2 °F (0.7°C) respectively), the uncertainty in charge determination is expected

to be less than two charge units according to estimates made from exposures to UH
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nuclei at the Bevalac (ref.10). The impact of short term differential latent track
evolution is currently under study.

The total number of ultra heavynuclei collectedduring the mission is estimated
to be _ 1800. Thus, the UHCRE hasprovided a samplewhich is approximately six
times greaterthan the previousworld sampleandincludesthe first significant sample
of cosmic ray actinides.

Initial assessmentof the chargeresolution achievedindicates that it would be
possibleto (i) resolvesomeof the important chargegroupssuchasplatinum and lead
and (ii) determine the abundanceof the actinides in the cosmic radiation. The ac-
tinide abundanceis determinedby the nature of r-processcontributions to cosmicray
sourcematerial and early observationssuggestedthe presenceof freshly synthesised
r-processmaterial to account for a high value of the ratio of actinides to platinum-
lead nuclides. However, the upper limit of 3% for this ratio found by Binns et al
(ref.ll) is consistentwith solar systemsourceabundances.(A somewhatlarger value
was reported at the sametime by Fowleret al (ref.12)). The large UHCRE sample,
combined with a charge resolution which is superior to that achievedin the early
experimentswith solid state nuclear track detectors,should clarify the situation.
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SUMMARY

The Heavy Ions In Space (HIIS) experiment has two primary objectives: ( 1) to measure the elemental
composition of ultraheavy Galactic cosmic rays, beginning in the tin-barium region of the periodic table;
and (2) to investigate heavy ions which arrive at LDEF below the geomagnetic cutoff, either because they
are not fully stripped of electrons or because their source is within the magnetosphere. Both of these
objectives have practical as well as astrophysical consequences. In particular, the high atomic number of
the ultraheavy Galactic cosmic rays puts them among the most intensely ionizing particles in Nature.
They are therefore capable of upsetting electronic components normally considered immune to such
effects. The below-cutoff heavy ions are intensely ionizing because of their low velocity. They can be a
significant source of microelectronic anomalies in low inclination orbits, where Earth's magnetic field
protects satellites from most particles from interplanetary space. The HIIS results will lead to
significantly improved estimates of the intensely ionizing radiation environment.

INTRODUCTION

The space radiation environment affects spacecraft in several ways. Cosmic rays and trapped
particles are the major cause of spacecraft anomalies in digital microelectronic systems. These particles
can even cause components to fail suddenly. Space radiation dose slowly degrades the performance of
most electronic devices and is the factor which ultimately limits the operational life of a spacecraft. The
radiation dose received by astronauts ultimately limits the duration of all manned missions and may
constrain the extent of human exploration of space.

LDEF carried several cosmic ray experiments. Two of these experiments are HIIS and the Ultra
Heavy Cosmic Ray Experiment (UHCRE) l Figure 1 compares HIIS and UHCRE with previous and
planned experiments to measure cosmic ray elemental abundances above nickel. UHCRE is the largest
cosmic ray experiment of all; H/IS is exceeded only by UHCRE and the proposed Heavy Nuclei
Collector (HNC), which may be launched by the year 2000. HIIS and UHCRE provide complementary
measurements of the cosmic ray elemental abundances. Whereas UHCRE's la_er area enables it to
measure the very rarest cosmic rays (at atomic numbers Z > 65), HIIS will extend the mcasurcmenls to
lower atomic numbers in the range ofZ = 45-65, where the primary UHCRE detectors are not sensitive.

HIIS and UHCRE are also complementary in another way. UHCRE was designed to detect only
relativistic cosmic rays, whose energy is so high that they pass through the detector. HIIS, on the other
hand, was designed also to measure lower energy ions which come to rest in the detector. Potential
sources of such stopping ions are solar energetic panicles, the anomalous component of cosmic rays, and
trapped heavy ions. Figure 2 compares HIIS with other existing and planned instruments to detect
stopping ions. HIIS is orders of magnitude larger than any of these and can theretore make an unequalled

377

pF_Cr:.._i_'_GPAGE BLAI_W, NOT FILMED



10 '_'g . p i T rrlr_ I r r I rlttr I r q r IJrr_ l r r

"_ 0+ 8 =

@

o

@

:_I 0 +7

k.

n_

_. 10 +6
o

_/Skylab

.7 _AAriel Vl ............ """'" \

\

I0 +s t l I llillJ 1 l , Ilk]l[ ] I J II}111

101 I0 Z 10 3 10 4

Kinetic Energy(MeV/nuc)

i

I I I i

10 ÷s

I.o

10 +7

@

_. I0 +s
I/)

c-
o
>

I0+s

o
CL I0 ÷4

r"

(J

• 10+3
0

0

I0 +2

z

10 +1

Stopping Particle Defectors

I

-- I

----1

t i i

r,,, tO 0 tO

i i I

f

p
4
I

x
W

O9 0
rf,.)_

Figure 1 : The collecting power of ullraheavy cosmic ray
experiments, as measured by the total number of collected
Galactic cosmic ray iron nuclei vs. minimum kinetic

energy. In these comparisons_ the effects of the different
orbits are considered. Skylab-, I-[EAO _, ARIEL VI 4,
HIIS, and UHCRE _ (solid curves) have been flown. The

TREK and HNC experiments (dashed curves) are planned
for flight on the Soviet MIR and US Freedom space

stations, respectively. The only flown experiment larger
than I-HIS is UHCRE. I-E[IS and UHCRE ate

complementary experiments , with HIIS ultraheavy
measurements beginning at Z-45 and UHCRE's larger

collecting power sensitive only to the rarest cosmic rays at
Z>65.

Figure 2: The collecting power of instruments which detect
cosmic rays by bringing them to rest. The ISEE-35,

CRIE/EHIC_ Ulysses, t_RRES 6, TRIS 7, Spacelab I _,
Spacelab llI and I-I_IS instruments (solid lines) have been

flown. SAMPEX 0, Geotail s, Wind,t, and ACE _ (dashed
lines) are planned for flight. The two spaceiab missions

a.nd .TRIS were flown less than a year, so for these
m_ssmns the total number of Si events is plotted. Note

that UHCRE _ (Fig. l) is not intended to detect stopping
cosmic rays.

and extraordinarily deep survey of the stopping heavy ion contribution to the radiation environment. HIIS
thus has the potential to make discoveries which may influence the direction of research and engineering
for years to come.

EXPERIMENTAL OBJECTIVES

Ultraheavy Galactic Cosmic Rays. Galactic cosmic rays provide us with a sample of matter which
originates from all over the Galaxy. We can use this sample to test our theory for th: origin of the
chemical elements. By comparing the composition of cosmic rays with that of the solar system and other
samples of matter, we may discover differences that result from Galactic evolution over the past 5.5
billion years. These comparisons could also tell us about the special circumstances surrounding the
|brmation of the sun and the solar system. The composition of the heaviest and rarest cosmic rays will be
determined primarily by UHCRE, I--fflS will contribute to the statistics of all ultraheavy cosmic ray
measurements and it will extend observations down in atomic number to include the important tin-barium
region of the periodic table, where we can observe the relative contributions of various nucleosynthetic
processes _2.

Ions Below the Geomagnetic Cutoff. Satellites inside the magnetosphere are protected from many of
the charged particles in the interplanetary medium because these particles are turned back by Earth's
magnetic field. This was the case for LDEF, in its low altitude 28.5" orbit. The relevant quantity in
measuring a particle's ability to penetrate into Earth's magnetic field is its magnetic rigidity, R, which is
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simplytheparticle'smomentumperunit charge.R is measuredin unitsof GV/c, which isshort for
GeV/ec,whereGeV/cis momentumin relativisticunitsande is thechargein units of the electron charge.
The minimum rigidity (ie, the so-called "geomagnetic cutoff rigidity") needed to reach the LDEF orbit is
about 4 GV/c.

Because R is the momentum per unit charge, it depends upon both the particle's kinetic energy (K)
and its charge (Q). Specifically,

R = (A/Q)[K 2 + 2KMo] la (1)

where A is the ion's atomic mass number, M_ -- 0.931 GeV is the atomic mass unit, K is measured in
GeV per nucleon (GeV/n), and Q is measureo in units of the electron charge. Galactic cosmic rays are
known to be fully stripped of electrons, so that Q = Z, where Z is the atomic number of the nucleus. In
this case, the cutoff rigidity of 4 GV/c corresponds to a minimum kinetic energy of about ! GeV/n.
Particles which are detected at energies lower than this are said to be "below the cutoff". By definition,
such particles must come from a source other than fully stripped Galactic cosmic rays.

Heavy ions trapped in Earth's magnetic field 13-15are one source of below-cutoff ions. Another way
for an ion to appear below the cutoff is if it has not been completely stripped of its electrons. In this case,
Q < Z, thus giving the particle higher rigidity than a Galactic cosmic ray of the same energy. Compared
to Galactic cosmic rays, such particles have enhanced access to low earth orbit. As discussed below,
there are several known and possible sources of such particles. Because their relatively low velocities
make these particles more intensely ionizing, they can be an important cause of satellite anomalies.

APPLICATIONS OF THE HIIS RESULTS

H/IS experiment will make a more thorough survey of the highly-ionizing particle radiation
environment than has ever been possible before. We expect that the results of the HIIS experiment will
lead to significant improvements in the Cosmic Ray Effects on Microelectronics (CREME) model 16-t9.
CREME is widely used at present to estimate single event effect (SEE) rates on spacecraft. We anticipate
that CREME will also be useful in designing the Space Station and in estimating radiation exposure to
humans and hardware on future missions to the moon and to Mars. The results offered by HIIS and
UHCRE cannot be duplicated by any existing or planned experiment within the next decade. These two
LDEF experiments thus offer a unique and timely opportunity to increase our knowledge of the space
radiation environment.

At present we can identify four areas in which the HIIS data will make CREME more accurate and
improve its predictive capability:

o

.

Ultraheavy Galactic Cosmic Rays: Because these ions have such large nuclear charges, they are
the most intensely ionizing partlcles in Nature. Although rare, these particles will affect
microelectronic devices that are immune to the effects of more common cosmic rays. An accurate
estimate of the flux of these particles is important in designing mission critical devices in which
the mean-time-between-failures (MTBF) must be very large. HIIS and UHCRE will greatly
reduce uncertainties in these flux estimates, particularly for the most intensely ionizing particles.

Anomalous Component of Cosmic Rays: These particles are known to be singly-ionized 7"-_°,which
greatly increases their transmission through Earth's magnetic field to satellites in low-altitude,
low-inclination orbits. In fact, anomalous component particles begin to dominate the linear
energy transfer (LET) spectrum at LET values where many widely used electronic components
become vulnerable. Current measurements of the anomalous component at Earth extend to only
about 30 MeV/n for oxygen. These ions can be stopped by approximately 50 mils of aluminuna
shielding. At present we have only estimates of how the anomalous component spectrum extends
to higher energies, where these ions can affect components behind typical amounts of shielding.
FlUS will make the first high energy measurements of the anomalous component at Earth. HIIS
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Figure 4: One of the two LDEF trays containing the [-IHS

experiment. Each tray contained four modules, one of
which is shown in cutaway here.

will also measure heavier, more-intensely ionizing species in the anomalous component, whose
contributions to the LET spectrum are presently unknown.

. Solar Energetic Particles (SEP): As discussed above, these ions can appear below the
geomagnetic cutoff if they are less than fully stripped of electrons. Direct measurements2t at low
energies (~1 MeV/n) show that this is indeed the case, and indirect arguments 22 suggest that this
behavior continues to energies of ~ l0 MeV/n. Particles of these energies can be stopped by
modest amounts of shielding. At present there is no information on the ionization state of SEP's
at very high energies of ~ 100 MeV/n. As shown in Figure 3, this lack of knowledge can lead to
huge uncertainties in the radiation hazard posed by SEP events. Five large SEP events, which
were also well measured on satellites outside the magnetosphere, occurred during the LDEF flight.
By comparing the satellite measurements with the HIIS data, the ionization state of very high
energy SEP particles can be deduced, thereby removing the uncertainties illustrated in Figure 3.

. Trapped Heavv Ions: There is nowgood evidence for trapped oxygen ions with energies of 5-30_,r
MeV/n in the _nner magnetosphere . Because LDEF was a 3-axis stabilized spacecraft, trapped
heavy ions accumulate in HIIS at characteristic angles, thereby making them easily
distinguishable from other particles. HIIS can extend the trapped particle measurements to higher
energies and heavier species, making possible a first estimate of these particles' contribution to the
satellite radiation environment.

Finally, we also note HIIS's potential to make new discoveries. For example, there have been recent
published reports of below-cutoff ions which do not appear to be from any known source -_325. The
collecting power of HIIS is orders of magnitude larger than that of the instruments which reported these
results. HIIS should therefore be able to confirm (or refute) these observations and perhaps to identity the
source of these particles. These particles, and others identified by HIIS, may be new and unanticipated
components of the highly ionizing radiation environment.

THE I-IZIS DETECTOR SYSTEM

The HIIS detectors were contained in two trays (H3 and HI 2) on the space-facing end of LDEF. Each
tray contained four modules. Figure 4 shows one of the HIIS trays and a cut-away of one of the modules.
Each module comprised two separate stacks of plastic track detectors, a main stack which was sealed in
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oneatmosphereof dry air and a top stack which was in vacuum. Most of the sheets in the main stacks
were CR-3926, which was cast for us by Pershore Mouldings Ltd. (Pershore, UK) according to a special

77
process for producing highly uniform, detector-quality material which we developed- . The top stacks

• • "_8"
and some sheets m the mare stacks were Lexan-. The Lexan we used was manufactured especially for us
without UV stabilizer, so as to make it possible to increase Lexan's sensitivity to lightly ionizing particles
through UV enhancement of the latent tracks 29. The total vertical thickness of the detector module was
-12 g/cm 2. The total number of detector sheets is 2782, each of which has an area of 1064 cm -_. The total
collecting power of the eight detector modules is As') = 2.0 m-=sr.

Seven of our eight modules were constructed as described above. The eighth module had a special
design to extend the detector's range to lower energies: both stacks were sealed in an atmosphere of dry
air and the honeycomb lid shown in Fig. 4 was replaced with four thin Kapton 3° windows.

METHOD OF DETECTION

Plastic track detectors record charged particles by the trails of radiation damage they leave as they pass
through the detector sheets. These tracks, which are revealed by chemically etching the detectors, are a
permanent record of the particle's path and its rate of ionization in the plastic. The response of a plastic
track detector is characterized by Vx/V B, where VT is the rate at which plastic is etched away along the
damage trail and V B is the rate at which bulk undamaged plastic is dissolved by the etchant. Because of

radiation damage to the polymer V_q'i3 > 1, and the competition between V T and V B leads to the
formation of a conically shaped etch pit whenever

(VV'V B) cos(O) > 1 (2)

where 0 is the angle between the trajectory of the charged particle and the normal to the detector sheet 3_
Vv/V B is empirically found to be an increasing function of the restricted energy loss 32(REL), which
provides a numerical measure of the radiation damage generally dependent upon Z, A, and the panicle
velocity, f_. Etch pits are measured under a high precision microscope. From the displacement of etch

itS on the bottom and top surfaces of a detector sheet, the incidence angle 0 can be measured. Vw/V Bcan
determined by measuring the dimensions of the etch pit 33'34.

Stopping ions are identified by following them to where they came to rest in the detector and by
measuring V-v/V B in each detector surface along the particle's trajectory. When these Vv/V Bvalues are
plotted versus the distance to the end of the track (the so-called "residual range"), they fall upon
characteristic curves determined by Z and A. Once the particle's identity is known, its total range in the
detector specifies its incident energy.

For relativistic panicles, REL (and hence Vv/VB) is nearly constant as the particle traverses the
detector. VT/V Bcan be precisely determined by averaging measurements from many detector surfaces.
VTCV B depends primarily upon the atomic number Z and only very weakly upon the panicle velocity 13,so
the average VT,/V B value identifies Z even without a measurment of _.

POST-FLIGHT ASSESSMENT OF THE DETECTOR PERFORMANCE

CR-39 and Lexan track detectors have routinely demonstrated excellent charge resolution (on the order
of ~0.15 charge units or less) in short-duration accelerator exposures of small detector stacks. 111extended
space-based exposures of large detectors, various environmental effects can degrade the detector
performance. The HIIS apparatus was designed to minimize these effects, and most of our analysis since
retrieval has been directed to assessing the actual impact of these factors on the performance of HIIS.
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ThermalAnalysisandTemperatureEffects

Thesinglemostimportantfactoraffectingthechargeresolutionof trackdetectorsis temperature.In
fact,severalearlytrackdetectorexperiments,whichwereflown beforethesetemperatureeffectswere
fully understood,gavemisleadingresults35.More recentexperiments,whichhaverecognizedthe
importanceof temperaturecontrol,haveprovenreliable(cf. Ref.7). Therearetwo waysin which
temperatureaffectstrackdetectors:

Registration Temperature Effect. The response of a plastic track detector to an ionizing particle
depends upon the detector's temperature at the time of the oarticle's passage 36. This registration
temperature effect (RTE) has been measured extensively 36-_9in both CR-39 and Lexan. To approach the
track detector's high intrinsic resolution, the detector's temperature must be kept within a limited range
throughout its exposure.

To limit temperature variations within the H/IS detector stacks, the H/IS design included a passive
thermal control system, in which surface materials, their thermal and optical properties, thermal
connections to the LDEF spacecraft, etc., were all carefully chosen. These items were combined in a
detailed thermal model of the apparatus, which used input temperatures at nodes on the LDEF spacecraft
to predict the temperature variation in the detector stacks. The original I-I_S design, combined with
LDEF's pre-flight temperature specifications, yielded a target temperature range of- 11 + 3.5 "C. At this
relatively cold temperature the RTE is less severe 38 and thermal annealing (see below) ca-n be avoided.

Since tile retrieval, we have repeated this thermal analysis. The LDEF program office has used
temperature data recorded during the LDEF mission and detailed thermal modelling of the spacecraft to_0
reconstruct the temperature history at various temperature sensors on the spacecraft . One of these
sensors was on the boundary of our trays, so we have an accurate record of temperatures of the LDEF
structure to which our experiment was attached.

Using this record, variation in the solar illumination incidence angle, measurements of the absorptivity
and emissivity (c_e) of the various surfaces on and around HI/S, and a detailed thermal model of our
experiment, we have simulated the temperature history of the main detector stacks. The results of the
simulation, which are shown on the left in Figure 5, indicate that the temperature in the main stack was in
the range of -7.5 __+2.0 °C. This better-than-expected temperature stability is due to two factors. First, the
LDEF spacecraft underwent a smaller range of temperature variations than predicted in the pre-flight
analysis. Second, LDEF was warmest in those parts of the mission when HIIS received the least sunlight,
thus making it possible for the HIIS passive thermal design to compensate for variation in the spacecraft
te mperature.

Part of the HIIS thermal control system failed at some point: the thermal blankets protecting the H/IS
modules partially detached and rolled up, exposing parts of the top detector stacks to solar UV. The
pattern of UV and atomic oxygen damage on the surfaces of the blankets suggests that the failures
occurred late in the mission, perhaps when LDEF was at lower altitudes and vulnerable to atomic oxygen
damage. The degree of blanket failure varied from module to module. Post-flight examination of the
blankets revealed that the failures were due to shrinkage of the top face sheets, causing them to tear loose
from the modules.

The blanket failure appears to have had relatively little impact on the temperatures of the main stacks:
we repeated our thermal analysis, using degraded blankets and the measured tx/eof the exposed top-stack
surfaces. The simulated temperature history of the main stacks after the blanket failure is also shown in
Figure 5. Without the blanket, the main stacks were colder (average temperature -13.0 °C) and underwent
a relatively larger range of temperatures (rms width 2.3 °C). The top detector stacks, which are used only
in studying very low energy particles, were more severely affected. In retrospect, the temperature shift
caused by the blanket failure is also understandable. First, the measured ct/e of the exposed Lexan
surfaces nearly balanced solar heating and radiative cooling. The remaining imbalance was in the
direction of cooling. Second, the top detector stacks, which consist of 25 layers of 5 mil Lexan, also
acted as surrogate thermal blankets. On orbit photography shows that these exposed stacks billowed up,
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Figure 5: Post-flight reconstruction of the temperature distributions in the main detector stacks before
and after the thermal blanket failures, which probably occurred near the end of the mission. Because
we do not know exactly when the blankets failed, our simulations of therma] effects use the "worst-
case" scenario, in which the blankets failed half-way through the mission, thereby producing the
widest possible range of temperature variation.

probably due to electrostatic charging of the Lexan sheets by trapped electrons. With the sheets
separated, heat transport through them was less effective.

The registration temperature effect will contribute to the widths of the elemental abundance peaks in
the HIIS data. Although the post-flight examination of the blankets suggests that they failed near the end
of the mission, we do not know this for certain. We therefore take a conservative approach in simulating
the RTE on the detectors: we assume the "worst case" scenario, in which the blankets failed half-way
through the mission, thereby averaging the histories in Figure 5 to produce the widest possible range of
temperature variation. We folded this thermal history with results from accelerator studies of the RTE
for particles with comparable V-_B values. Even in this worst case, we find that the RTE is small: it
increases the width of the Z=60 charge peak, for example, by less than 0. l charge unit. For more heavily
ionizing particles, the RTE is more severe: at Z=82, the RTE increases the width of the charge peak ~0.2
charge units.

Thermal Annealing. Thermal annealing 41 is the process in which radiation damage trails fade when the
detector is held at elevated temperatures for extended periods of time alter exposure. The HIIS modules
were filled with dry air because measurements have shown that less thermal annealing occurs in dry air.
Based on our post-flight thermal analysis and laboratory studies of thermal annealing, we conclude that
the HIIS detectors remained too cool during the mission to be affected by annealing. From temperature
sensors within our detector modules, which recorded the highest temperature to which they were ever
exposed, we have independent verification that the temperatures in the main detector stacks never
exceeded 3T'C at any time since leaving our laboratory in 1984. Since retrieval, the HIIS detectors have
been stored in refrigerators at -5"C, except for -2 months at -20"C between retrieval and the return of the
detectors to our laboratory.

Track Aging Effect

Another possible influence on the experimental charge resolution is track aging 4:, in which the
radiation damage continues to grow for a period of time after irradiation. Track aging has been a major
concern for extended exposures of track detectors since the range of ages could degrade the charge
resolution 43. Recent experimental work 44, however, has shown that track growth occurs only in the first
few weeks following exposure. Since the HIIS detectors are not etched until at least one 3,'car after the
flight ended, this effect should not be present in our data.
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Post-Flight Condition of the Detectors

The HIIS main detector stacks were originally sealed in 1 atm of dry air. The special module with the
Kapton windows leaked because the windows were punctured by micrometeoroids after the thermal
blanket rolled up. We analyzed the air in the remaining modules and compared it with air from the bottle
used to fill the modules before flight. This air contained 10% helium as a tracer. The same helium
concentration was found in the post-flight modules, proving that they did not leak. The analysis of the
gas in the modules did, however, reveal a change in composition. The concentration of O_ varied from
module to module, with values in the range of 12-20% of the pre-flight concentration. Mr;st of the O, had
been replaced by carbon dioxide, but some was no longer in gaseous form. Oxygen is consumed during
the polymerization process. The H//S CR-39 was manufactured over a six month period, and some sheets
were freshly polymerized when the modules were sealed. Since the detector sheets almost completely
filled the module volume, residual polymerization of the CR-39 after the modules were sealed could
easily account for the missing 02 and the variation in the modules' 02 concentrations. If residual
polymerization is the explanation of the missing 02, the oxygen concentrations probably leveled out to
near their final value prior to launch.

After analyzing the gas in the detector modules, the main detector stacks were disassembled. We have
etched sample sheets from the main stacks in two detector modules, C and E, in which the residual 02
concentration was lowest and highest, respectively. Because chemical etching is an irreversible process
and because we did not wish to lose valuable cosmic ray data, we first etched 10 sheets from near the
bottoms of these modules. We also etched portions of a few sheets from near the top of the main stack in
module C.

In all of the etched sheets, we easily found both relativistic and stopping cosmic ray tracks. The
density of etch pits was not too high, and unrelated etch features did not interfere with measurements of
the cosmic ray tracks. On the basis of our measurements of these tracks, we conclude that the main
detector stacks, at least in the seven modules which did not leak, contain valuable cosmic ray data.
Portions of the top stacks may also be useable for measuring fluxes of low energy particles, since they
show no signs of UV exposure after the blanket failures.

CALIBRATION OF THE IBIS DETECTORS

We conducted extensive pre-flight accelerator calibrations of the HI/S detectors. Our present plan,
however, is to internally calibrate the IBIS detectors, using the cosmic rays themselves. The detector
sheets we have etched so far contained tracks, but not in the numbers we expected. Relativistic Fe, for
example, appears not to have been recorded. Such apparent reduction in CR-39's sensitivity has been
observed before45; it is consistent with the reduced oxygen concentration in the modules 46. Because the
observed detector response is so different from that in accelerator exposures, we believe that "boot-
strapping" from the observed cosmic ray tracks is the most reliable calibration method. This method also
ensures that the environmental effects on the IBIS detectors, whatever they may have been, will be
reflected in the detector calibration.

To illustrate this internal calibration method, Figure 6 shows the raw data from stopping heavy ion
tracks in CR-39 near the bottom of Module C. The data organize themselves into a densely populated
band, labeled Fe, with a spread of tracks below the Fe band. There are only two itm tracks that arc more
intensely ionizing. This indicates a sudden drop in the elemental abundance of the ions. According to the
general abundance of elements, there are only two places in the periodic table where such a drop occurs,
above Fe and above Pb. Pb ions are far too rare to explain the observed fluxes, so the band must be Fe.
Based on the number of ions in the Fe band, we would expect one or two Ni ions, just as observed, We
therefore assumed that the heaviest ion track in the dataset was Ni. We then tried various hypotheses for
the identity of the lightest track. When the lightest track was assumed to be Ar, the calculated Fe
calibration curve ran through the Fe band. Using only the Ni and Ar measurements as input, we then
derived the calibration curves for the other elements, also shown in Figure 6. In most cases we show
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Figure 6: Raw data on 40 stopping heavy ion tracks found in detector sheets near the bottom of the main
stack in Module C, each of which is measured in 9 detector surfaces on average. A different symbol
is used for each element. The ordinates are the track detector response VCV Band the abscissae are
the distance from the stopping end of the track. The calibration curves are derived from the highest
and lowest tracks shown in the figure.

curves for more than one isotope of each element. Because these ions were detected so deep in the stack,
fragmentation guarantees that many isotopes are present. We have considered in our analysis only the
most abundant isotopes, as indicated by a detailed calculation of transport through the detector material.

To apply the calibration, the measurements for each ion were fitted while leaving the atomic number as
a free parameter. For atomic numbers with multiple isotopes, the Z/A ratio of the best-fit abundant
isotope was assumed. The histogram of fitted Z values is shown in Figure 7. Most of the ions are
unambiguously identified. This is illustrated in Figure 8, which shows how the "goodness of fit" (as
measured by the integrated probability of the X2 distribution 47) changes as the atomic number is moved up
and down by one unit from the most probable integer value. The large sub-Fe to Fe ratio in Figure 7 may
appear unusual. However, these tracks were found under - 15 g/cm 2of material. Our transport
calculation, combined with the Z-dependent geometry factor implicit in equation (2), shows that the
observed sub-Fe/Fe ratio is consistent with an incident Fe beam.

To estimate the detector's charge resolution, we shifted all the elemental peaks in Figure 7 to m, erlay
them at Z=26. Figure 9 shows the resulting distribution, which gives a good fit to a gaussian with
standard deviation cr = 0.19 charge units.

The above internal calibration can be irnproved by collecting more tracks. Because the detector
response varies from module to module, we will have to repeat the above process and do a separate
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calibration for each module.* This should be no problem, since the necessary cosmic ray tracks appear
to be present at the bottoms of the detector modules. Our thermal modelling indicates that the
temperature in the main detector stack was uniform to within less than 0.3°C, so the calibration should be
the same at both the top and bottom of a stack. The anomalous component Ne and Ar tracks, which we
have already observed in the etched sheets near the top of the main stack in Module C, will provide
another internal check on the calibration.

PRELIMINARY RESULTS ON STOPPING HEAVY IONS

The stopping heavy ions found near the bottoms of the stacks were a surprise: neither the anomalous
component (because of its steeply falling spectrum) nor Galactic cosmic rays (which are geomagnetically
excluded below ~ 1 GeV/n) are expected to stop at this depth in the stack. Based on the data collected so

9 9far, the average Fe flux under ~ 14 g/cm 2 is (3+ I )x 10-/m--s-sr-MeV/n m the energy range
33 < E < 75 MeV/n. These Fe ions arrived at LDEF with energies of ~600 MeV/n, much higher than
previous observations of stopping ions. One possible source for these panicles is re-entrant albedo of
Galactic cosmic rays. We have performed numerical simulations which show that 18+6% of the incident
Galactic cosmic ray iron ions must scrape through the atmosphere to explain the observed flux. This
appears to be far too much, so we have rejected this explanation.

Another possibility is that these particles come from the very large SEP events which occurred during
the LDEF mission. At ~1 MeV/n, SEP Fe ions are known to be only partially-ionized :w, with a
distribution of charge states with mean value of about 14. If this charge state distribution is independent
of the energy, the SEP's might explain our stopping heavy ions.

Figure 10 on the previous page shows a first, crude attempt to test this explanation. To estimate the
SEP Fe fluence during the LDEF mission, we multiplied proton fluxes measured on NOAA's GOES
satellite in 1989 and 1990 by the average SEP Fe/proton ratio 48'49. The combined Galactic and SEP Fe
spectrum was then transmitted through the geomagnetic field to the LDEF orbit, assuming the SEP Fe
nuclei to be either fully-ionized or partially ionized according to the charge state distribution observed at

low energies. The flux was then propagated through the detector to various depths, corresponding to a
range of incidence angles and consequent shielding thicknesses at the observation point. The crudeness
of the SEP Fe flux estimate makes the calculated spectra in Figure 10 quite uncertain, but the results
clearly suggest that partially ionized SEP's could explain the observed flux.

We plan to continue our investigation of stopping ions in the bottoms of the H/IS stacks. So far we
have examined only ~1% of the sheets that would contain partially-ionized SEP ions. Based on the data
so far, we expect ~1000 stopping Fe ions with incident energies between 350 and 900 MeV/n.

PLANNED ANALYSIS OF RELATIVISTIC ULTRAHEAVY GALACTIC COSMIC RAYS

Figure 11 illustrates our method for measuring ultraheavy Galactic cosmic rays. The figure shows the
raw data for 13 relativistic tracks found in scanning part of a sheet near the bottom of Module C. The
tracks were followed through 10 sheets, and V-r/V B was independently measured in ~20 detector surfaces.
The error bar on each Vae'VB measurement is determined by propagating the measurement errors on the
etch pit dimensions. The average value of Vv/V Bis determined to within -1% precision. We have
checked that the scatter of measurements around these mean values follows a normal gaussian
distribution.

To identify the tracks, we used the CR-39 calibration derived from the stopping tracks, which cover the

*Analysis of stopping tracks at the bottom of the second module (Module E) is still in progress. Fluxes of
stopping and relativistic ions in Module E are similar to those observed in the first module (Module C).
The track detector in Module E seems to be somewhat more sensitive than that in Module C, consistent

with E's higher residual 02 concentration. This increased sensitivity may allow us to extend
observations to lighter ions.

387



IX]

>

t----

>

15

10

1 1 I r I 1 I I

L CR -39

• "'l'l l .,it? ,> 'l _, I "t_. ,_._ _T =7.,+i-o.2

-t +, t' T' +T H ++ . ,f " + -,,.,+/-o.,

_O.I ÷/- 0.1

i

'4, ,I,"__ _ _" :s_.1+I-o._Z' *,_*'" it " ;, " i_ _xl _ ss.z+l-o.1

I t J l l I 1 1
1000 2000 3000 4000

Location (microns CR-39)

,_s.._ +/- o.1

Figure 11: Rawdataon relativistic tracksobserved near the bottom of one HI_ISdetectorstack. A
differentsymbol is usedfor eachtrack. The fittedatomicnumberandthe formalerror on the result
aregiven at the right.

same range of Vd'V-l_ values. Figure 1 ! also shows the fitted atomic numbers, along with the formal error
derived by propagatmg the uncertainty in the average value of V_/VB. Since these measurements were
made tinder -15 g/cm-' of material, no strong elemental accumulations are expected. Also, although the
formal errors are 0.1-0.2 charge units, the fitted atomic numbers do not tightly cluster around integer
values. Temperature effects and uncertainties in the present calibration are too small to account for this
spread in the fitted atomic numbers. Monte Carlo simulations of the I-IIIS resolution (discussed below)
suggest that the primary reason for the spread is "kinetic smearing": the atomic numbers were fitted by
assuming a particle energy of 11 GeV/n, but the actual particle energy can be anything above ~1 GeV/n.
The detector response's residual weak dependence on the particle velocity combines with the Galactic
cosmic ray spectrum to produce characteristic non-gaussian charge peaks. (These charge peaks are
illustrated in Figure 12, discussed below.)

To measure elemental abundances of ultraheavy cosmic rays, we will apply the method shown in
Figure I 1 to tracks found in CR-39 and Lexan sheets near the tops of the main detector stacks. The tracks
will be followed deeper into the stack and measured several more times to eliminate slowing down
particles, which are a potential background for the heaviest and rarest cosmic rays.

Using previously reported relative abundances 3 and taking into account detection efficiency,
geomagnetic transmission, and solar modulation of the Galactic cosmic ray flt, x throughout the LDEF
flight, we expect to find a total of -1500 relativistic cosmic rays at atomic numbers Z > 45 in the seven
HIIS modules which did not leak. (For comparison, the HEAO dataset 3, which is currently the world's
best data on the abundances of ultraheavy cosmic rays, contained -370 such tracks.) After accounting
for fragmentation losses, the number of tracks shown in Figure 1 ! is consistent with this llux estimate to
within statistical errors.

To get an idea of the kind of composition measurements offered by HIIS, we have simulated the
expected charge histogram. In this simulation we took into account: ( 1 ) the geomagnetic modulation of
the cosmic ray flux and spectrum to LDEF's orbit; (2) the ultraheavv relative abundances3"l'J; (3)
fragmentation in the -2 g/crn- of material above the measured sheet_; (4) the collecting area and exposure
time of the seven HIIS modules that did not leak; (5) the detector calibration; (r0) the Z-dependent
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geometry factor implied by the detector response and equation (2); (7) kinetie smearing; (8) the
registration temperature effect, based on our reconstruction of the thermal history of the detectors; and (9)
measurement errors. Figure 12 compares the simulated HIIS measurements with the the HEAO data _.
The simulation shows that HIIS offers a substantial improvement over the HEAO results. At Z < 65,
HIIS will make more accurate measurements of the even-Z elements and, in some eases, the first
abundance measurements of odd-Z elements. Above Z = 65 HIIS cannot resolve elements, but the Pt
(Z=78) and Pb (Z=82) peaks are clearly separated. This is important beeause the Pt/Pb ratio is a key
indicator of the nucleosynthetic processes which produce the cosmic rays.

CONCLUSIONS

The HIIS experiment has returned from its extended sojourn in space with valuable cosmic ray data
covering a broad range of energies and atomic numbers. Our detailed review of environmental factors
which affect plastic track detectors indicates that HI]S is able to achieve its experimental objectives. An
internal calibration of the detectors has demonstrated charge resolution of -0.2 charge units for stopping
Fe ions. In determining the elemental abundances of ultraheavy Galactic cosmic rays, HJJS offers better
resolution and a four-fold increase in statistics over the largest earlier experiment.

HIIS also offers a deep survey of space radiation which will thoroughly define the environment lbr the
Space Station and other satellites using a 28 ° low altitude orbit. This survey is likely to lead to new
discoveries about the radiation environment in space.

In fact, although we have so far examined less than 1% of the H/IS detector area, we have already
made an unanticipated discovery: we observed Fe ions at -600 MeV/n, well below the geomagnetic
cutoff. Although the analysis is still too crude to permit any conclusions, the observed flux suggests that
these ions may be partially-ionized solar energetic particles. Such particles could have significant effects
on satellite electronics; they are not included in current models of the radiation environment.
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SUMMARY

Stacks of CR-39 and Kodak CN track detectors were exposed on different locations on

the NASA satellite LDEF. The preliminary analysis yielded heavy ion tracks on a background

of low energy secondaries from proton interactions. The detected heavy ions with energies

< 50 MeV/Nuc show a steep energy spectrum and a spatial confinement close to the mirror

plane in the South Atlantic Anomaly. We interpret this as evidence for a radiation belt origin.

INTRODUCTION

The Kiel LDEF experiment MOO02, mounted on experiment tray E6, was designed to

measure the heavy ion environment by means of CR-39 plastic solid state track detectors.

The detector stack with a size of 40*34* 4.5 cm 3 was exposed in vacuum covered by thermal

protection foils with a total thickness of approximately 14 mg/cm z.

Two additional stacks, each with a size of 40 mm depth and 95 mm diameter, were

integrated in subunits of the Biostack Experiment AO01S on trays C2 and G2. They consist

of CR-39 and Kodak cellulose nitrate foils sealed in aluminium containers under 10 mg/cm 2

Kapton shielding and support the analysis of the spatial particle distribution.

All stacks were recovered in excellent physical condition with no damage on the thermal

protection foils. After etching, tracks of heavy ions can be easily detected in both detector

types on a background of small etch pits, which were probably produced by secondaries

from proton interactions (Fig. 1).

PRELIMINARY RESULTS

In the first step of our analysis the appropriate etching condition had to be established,

as the total number of tracks and the detector response were undefined. At the time being

we are not able to present a calibration for our detector material and we must be aware of

a potential temporal change of the detector response during the mission. Any particle flux

measurement strongly depends on this detector response.

PRECEDING PAGE BLANK NOT FILMED
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Table 1 gives numbers of stopping tracks in CR-39 foils at position E6. From the

estimated sensitivity of our CR-39 we conclude that particles with Z>8 are included. Similar

decrease of stopping particle numbers with increasing depth was detected in Kodak CN on

trays C2 and G2 but at a 3-5 times higher fluence level. If our Kodak CN is more sensitive

then CR-39, particles with Z_6 may be registered in Kodak CN. The work on the calibration

of the detector response is in progress.

As the LDEF orientation with respect to the magnetic field lines within the South

Atlantic Anomaly (SAA) is expected to be constant during the mission, we measured the

azimuth angle distribution on the detector foils (Figs. 2 and 3) for particles entering the

topmost CR-39 foils at trays E6 and C2.

DISCUSSION

The azimuth angle distribution of Fig. 2 shows characteristics of a cylindrical symmetry.

This is supported by the distribution of Fig. 3: On tray C2 the detected particles entered

from the earth direction. Including the dip angle measurements we can deduce that all

detected arrival directions are close to a plane perpendicular to the magnetic field line of
-200 declination and -¢O ° inrlioation (location 3¢°W and 27°S within the SAA).

From Table 1 we deduce a steep energy spectrum similar to the trapped proton spectrum.

Together with the spatial distribution we take this as an evidence for the detection of heavy

ions from a radiation belt population. Similar results were reported from Skylab by Chan

and Price (ref. 1) and from Spacelab I by Beaujean et al. (ref. 2). At the present stage of

our analysis neither flux values nor charge spectra can be given.

In addition to particles with energies < 50 MeV/Nuc we detected particles which

penetrate several sheets with almost constant energy loss. The arrival directions and the

energies (> 100 MeV/Nuc) are not yet determined. This particle flux is in agreement with

predicted LET spectra for LDEF including cosmic rays from H to U. They are mainly

produced by Fe-particles and their fragments after traversing LDEF material.

This work was financially supported by the "Bundesministerium fur Forschung und

Technologie" under grant O1 QV 297 and 50 OS 9001. We like to thank the DLR-Flugmedizin

(KiSln-Porz) for the integration of our detector foils in experiment AO015.
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Fig. 1: Track images in CR-39 of MOOO2 (E6)

Table h

Number of stopping particles in the topmost foils of M0002 (E6).

The range intervalls, the mean range R and the corresponding energy intervalls and

the mean energy E are calculated for a 450 incident angle.

stopping R. E [MeV/Nuc]

tracks / crn z [[_tm ] O 16 Fe s6

Foil 1 3.0+__0.35 i)

Foil 2 O.3"--O.O5 2)

Foil 3 O.1 +--0.03 3)

(154-_
295 ks46 /

n(
71._. \toso y

f_ (lOSO-12 1---\lss4 /

15.5-

(22.s- 
24..5 \28.0 /

(11.2-
17.7 \26.3 )

26.3-

43"0\49.0 /

1) 75 stopping tracks / 25 cm2;'_

2) 30 stopping tracks / 100 cm2;_ Poissonian error; scanning efficiency not included3) 10 stopping tracks / 100 cm2;
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SUMMARY

Examination of 29.37 m2 of thick aluminum plates from the Long Duration Exposure Facility, which
were exposed to the meteoroid and man-made orbital debris environments for 5.8 years, revealed 606
craters that were 0.5 mm in diameter or larger. Most were nearly hemispherical. There was a large
variation in the number density of craters around the three-axis gravity-gradient stabilized spacecraft. A
new model of the near-Earth meteoroid environment, which uses a speed distribution proposed by
Erickson and a direction distribution relative to the Earth, gives good agreement with the crater fluxes
measured on the fourteen faces of the LDEF. The man-made orbital debris model of Kessler, which

predicts that 16 percent of the craters would be caused by man-made debris, is plausible. No chemical
analyses of impactor residue that will distinguish between meteoroids and man-made debris is yet
available.

INTRODUCTION

For nearly six years, the Long Duration Exposure Facility (LDEF) orbited the Earth with 57 scientific
experiments on board that were to be evaluated when the spacecraft was returned to the ground. There
was no communication with the LDEF while it was in orbit. The Meteoroid and Space Debris Impact
Experiment, designated S0001 by the LDEF Project Office, consisted of many thick aluminum plates
distributed around the spacecraft to study the population, directionality, and chemical composition of
meteoroids and man-made debris. All the data will be obtained from examination of the craters left in the

aluminum plates.

In some places in the literature this experiment is referred to by a shortened title as the Space Debris
Impact Experiment.

Meteoroids are small interplanetary particles that travel through our solar system undetected and whose
encounter can only be treated statistically. They are natural particles that are in orbit about the sun.
Meteoroids that pass near the Earth are drawn toward the Earth by its gravitational field and some strike
spacecraft as they speed toward the atmosphere. Meteoroids have been considered a hazard to spacecraft
since the beginning of space exploration. NASA has published models of the meteoroid environment near
the Earth (ref. 1) and in interplanetary space (ref.2), and a design criteria document for protection against
meteoroids (ref.3). But the interest in meteoroids is broader than the concern about the hazard they
present to spacecraft. Meteoroids may be unaltered primal material whose composition and orbital paths
are important clues to the origin and evolution of the solar system.

Pi_E.r2,,2)tl_ PA_,_. BL_I_I_ _T lqL_iEi_ 9



Spacedebrisis theman-madematerialleft in spaceasaresultof our space activity. It ranges in size
from microscopic fragments created during explosions in space to large spent rocket motors. Some man-
made debris escaped the Earth's gravity but most was left in orbit about the Earth. That space debris that
is still in orbit about the Earth is of concern as a potential hazard to spacecraft. Large pieces of debris are
tracked and cataloged and possible collisions with the Space Transportation System (STS) orbiter are
checked for each mission so that evasive measures can be taken if necessary. Small pieces cannot be
tracked and their encounter, like that of meteoroids, must be treated statistically. NASA now has a model
of the man-made orbital debris environment (ref.4) to be used in hazard analysis.

The Meteoroid and Space Debris Impact Experiment is directed at both the hazard of impact damage
and the nature of our solar system but this preliminary paper will deal primarily with the data most
applicable to the hazard, i.e. the number and location of the large craters. All craters with diameters of
0.5 mm and greater (measured across the top of the raised lips) have been examined and their number
density and distribution around the spacecraft is the primary topic of this report. The study of smaller
craters is incomplete and they are referred to only briefly. No chemical analyses of the impacting particles
is presented.

The LDEF maintained a three-axis gravity-gradient stable orientation, which provided a new level of
sophistication in flight data on meteoroids and man-made debris. In previously obtained flight data in near-
Earth space, see ref. 1, the number of meteoroid impacts was obtained but the orientation of the impact site
at the time of the impact was unknown. The number density of craters for the different fixed surface
orientations provides a direct measurement of the degree to which the hazard to spacecraft is directional.
The variation in the number density of craters with surface orientation depends on the orbital distribution
of the particles. While the orbits of individual particles cannot be determined with this experiment,
theoretical orbital distributions can be checked by seeing if they are in agreement with the crater
distribution found on the LDEF.

Some aluminum plates donated to the LDEF Meteoroid and Debris Special Investigation Group (M&D
SIG) by principal investigators of other LDEF experiments were examined and the results are included in
this paper. Wayne Slemp donated the base plates, sample holders and cover plates from his experiment
on the only side of the LDEF from which the Meteoroid and Space Debris Impact Experiment plates were
missing. His contribution is especially significant because that side of the LDEF received the greatest
concentration of impact craters. William Berrios donated a thermal panel from the space-facing end of the
LDEF.

The dummy plates that covered two unused experiment compartments on the Earth-facing end of the
LDEF were also examined and the results are included in this paper.

EXPERIMENTAL HARDWARE

The Meteoroid and Space Debris Impact Experiment exposed 26.32 m2 of aluminum plate to the space
environment. The plates were 4.8 mm thick and were made of aluminum alloy 6061-T6. They had a thin
oxide layer on both sides produced by chromic anodization and a coat of black paint on the back for
spacecraft thermal control.

The location of the Meteoroid and Space Debris Impact Experiment plates on the LDEF is shown in
Fig. 1 along with the location of the other hardware examined in this study. The plates were mounted on
the bottom of the 7.6 cm deep trays, except for the plates in Tray D6, which were mounted even with the
top of the tray.
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The nineteen peripheral trays that were totally dedicated to this experiment had two plates measuring
0.62 m by 0.95 m in each tray. The three peripheral trays that were shared with other experiments bad
two plates measuring 0.41 m by 0.95 m in each tray. These individual plates are identified by the tray
location number and the relative position of the two plates in the tray. For example, the two plates in the
tray in location F10 are identified as plates F10G and F10H, with F10G being the plate nearest the G-end
or Earth-facing end of the LDEF. The three end trays each contained a single plate that was 0.72 m by
0.72 m.

The plates donated by Wayne Slemp were from his B9 tray. They are anodized aluminum, 6061-T6,

of various thicknesses from 1.6 mm to 6.4 mm and have an area of 0.62 m2. The experiment was
divided neatly into thirds in the tray (see Fig.2) and for the purposes of this report all the plates in the third
nearest the Earth-facing end will be referred to as the B9G plates, those in the third nearest the space-
facing end as the B9H plates, and those in the middle third as the B9M plates.

The thermal panel donated by William Berrios was anodized aluminum (6061-T6), 1.6 mm thick. It
was attached to the space-facing end of the LDEF and had an edge that was bent to wrap around the comer

of the spacecraft along the Row-6 side. Only the 0.63 m2 of the thermal panel that was on the space-
facing end is included as a part of this report. This thermal panel is identified as 920-6F by the LDEF
Project Office and as H19 by the LDEF M&D SIG.

The two dummy plates on the Earth-facing end were anodized aluminum (6061-T6), 2.3 mm thick.

Each plate had an area of 0.90 m2. One was identified as G19-9 by the LDEF Project Office and as G9 by
the LDEF M&D SIG, and the other as G21-3 by the LDEF Project Office and as G3 by the M&D SIG.

LDEF MISSION

The LDEF was deployed by the STS-41C crew on April 7, 1984. It was initially placed in a near-
circular orbit with an apogee of 480 km, a perigee of 474 km, and an inclination of 28.5 degrees. By the
time it was recovered by the STS-32 crew on January 12, 1990, it had fallen to an altitude of 331 km.

It was intended for the longitudinal axis of the spacecraft to be aligned with its Earth-centered position
vector and for the normal to the Row 9 trays to be aligned with the velocity vector. Post-flight analysis
showed that the actual orientation had a misalignment of about eight degrees in yaw and one degree in
pitch, see ref.5. As a result, the leading edge of the LDEF was between Row 9 and Row 10. The one
degree pitch angle gave the space-facing end a slight view of the forward direction of flight.

DESCRIPTION OF CRATERS

The craters in aluminum on the LDEF look very much like craters produced with hypervelocity
accelerators in the laboratory at impact speeds greater than about 6 km/s. The craters are generally round
with lips that rise above the surface of the plate. The photograph in Fig.3 shows the top view of a crater
on the F10H plate. This 4 mm diameter crater is the largest on any of the Meteoroid and Space Debris
Impact Experiment plates and is the largest crater examined in this study. A side view of another crater
on the F10H plate is shown in Fig.4. The lips of this 2 mm diameter crater are touching, or nearly
touching, the surface of the plate, which reflects their image at the extreme angle at which the photograph
was taken.
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Mostof the craters are round and symmetric, which is surprising considering that the impacting
particles were undoubtedly irregular in shape and must have struck at oblique angles. The dimensions of
27 large craters are given in Table I. Three measurements, the diameter at the top of the raised lips, the
depth, and the diameter at the plate surface, were made. The diameter at the plate surface is considered to
be a more fundamental dimension than the diameter at the top of the raised lips, but it is more difficult to
measure and sometimes in the literature authors give only the lip diameter. Henceforth in this report
"diameter" will refer to the diameter at the surface of the plate, which some refer to as the mae diameter,
and "lip diameter" will refer to the diameter at the top of the raised lips.

Nine of the craters in Table I were on the plates in the F3 tray. In general, the lowest impact speeds
should occur on these plates because they are closest to the trailing edge of the spacecraft and the particles
must catch up to the spacecraft to strike them. Nine of the craters were on the F10 plates. In general,
very high speed impacts should occur on these plates because they are close to the leading edge of the
spacecraft where head-on collisions occur. Despite the fact that the extreme differences in impact speed
occur on the F3 and F10 plates, there is no noticeable difference in the shape of the craters. The other
nine craters in Table I were on the H5 plate, which was on the space-facing end of the LDEF where
impact speeds are intermediate. At all three locations, the diameter of the craters at the plate surface is
about 0.75 times the diameter at the top of the raised lips. The depth of the craters is about 0.5 times the
diameter at the plate surface, i.e. the craters are nearly hemispherical.

While the study of smaller craters, <0.5 mm lip diameter, on this LDEF experiment is not complete,
many small craters on the F10H and H5 plates have been measured. Differences in the craters seem to be
appearing at smaller sizes. Firstly, the small craters are not all round, i.e. they do not have a circular cross-
section at the surface of the plate. About one percent of the craters measured to date on the F10H plate are
oblong with the shortest axis being less than 0.7 times the longest axis. On the H5 plate, six to eight
percent of the craters measured to date are that oblong. Secondly, the average depth-to-diameter ratio of
the small round craters on the F10H plate is greater than that of the large craters, being about 0.55 for
those craters measured to date that have lip diameters between 0.1 mm and 0.5 ram, and about 0.63 for
those that have lip diameters less than 0.1 mm. The small round craters on the H5 plate have the same
average depth-to-diameter ratio as the large craters on that plate.

There were no craters on any of the plates examined that penetrated through the entire thickness of the
plate. The impact that created the largest crater on the Meteoroid and Space Debris Impact Experiment, the
4 mm crater on the F10H plate, produced a very short raised dome on the back of the 4.8 mm thick plate.
The dome was less than 25 microns high. It is not known if it is just the black paint that delaminated and
raised up or whether the aluminum plate is actually bulged. The two thinnest donated plates from Row 9
had a total of four craters in the 1.6 mm thick aluminum that caused the back of the plates to bulge. The
1.6 mm thick thermal panel from the space-facing end did not have any craters that produced a noticeable
bulge on the back of the plate; however, the black paint on the back would make it more difficult to spot a
bulge than on the unpainted plates from Row 9.

NUMBER AND LOCATION OF CRATERS

There were 532 craters on the Meteoroid and Space Debris Impact Experiment plates that had a lip
diameter of 0.5 mm or greater. There were another 74 craters of that size on the other LDEF plates
included in this study. The distribution of these 606 craters around the spacecraft is given in Table II.
The orientation of the plates on the sides of the LDEF is given by the angle between the spacecraft velocity
vector and the normal to the plate surface. The trays on each row are grouped together because the flux
should be constant along a row for both meteoroids and man-made debris. The area of the plates is the
actual area. No correction has been made for the shielding that occurs for the plates that were mounted on
the bottom of the 7.6 cm deep trays.
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Thevariationin craterflux with platelocationis showninFig.5. Thecraterflux is thenumberdensity
of cratersdividedby thedurationof themission.Theflux is greatestnearthefront of thespacecraftandit
decreasessmoothlytowardtheback,excepton theplatesnearestthetrailingedgewheretheflux increases
again. Thevariationin themeasuredcraterflux on thesidesof theLDEFexceedsafactorof 20.

Theerrorbars,whicharethe90percentconfidencelimits calculatedusingthechi-squareddistribution
functionin themannersuggestedin ref.6,areappreciablebecauseof thesmallnumberof craters,
especiallynearthebackof theLDEF. It maybethattheincreasemeasurednearthetrailingedgeis just a
statisticalvariation.Whentheexaminationof theseplatesis complete,thereprobablywill bemorethan
30,000cratersto considerandthen,perhaps,it will beclearwhethertheincreasein theflux nearthe
trailingedgeisreal.

Thedatapointsin Fig.5arealternatelyfrom thesouth-facingandthenorth-facingsideof the
spacecraft.Thesmoothnessof thedatashowsthatthereisa north/southsymmetryin theparticulate
environmentin thesizerangeconsideredin thisreport.

Theflux on thespace-facingendis aboutthesameasit wouldbefor aplateon thesideof theLDEF
thatfaces60degreesfromthevelocityvectorandis abouttwicethatfor aplateonthesidefacing90
degreesfrom thevelocityvector.

Thedatapointsin Fig.5aretheaverageflux for eachface. In mostcases,all of thetraysor plateson
thesamefacegive thesameflux within the90percentconfidencelimits. Theexceptionis theB9Gand
B9M groupsof plateswhichwereside-by-sidebutwhichdifferedby morethanafactorof 3.3in crater
flux.

COMPARISONWITH CURRENTNASA MODELS

Meteoroids

TheNASA modelof thenear-Earthmeteoroidenvironmentin ref.1 is asimplemodelthatassumes
thatall meteoroidsstrikeaspacecraftnormalto thesurfaceandataspeedof 20km/s. A speed
distributionfor themeteoroidsis givenin ref.1,but thedirectionfrom whichthemeteoroidsapproachthe
spacecraftis notdefinedsothatthemodelis usedto calculatetheaverageflux onarandomlytumbling
spacecraft.It is notsuitablefor calculatingthevariationin flux aroundtheLDEF. It could,of course,be
usedto calculatethenumberof cratersthatwouldbeexpectedonarandomlytumblingLDEF.

Themodelgivestheflux of meteoroidson a spacecraft as a function of mass although meteoroid mass
was not measured directly in any of the experiments on which the model is based. Data from the
Explorer 16, Explorer 23, and the Pegasus satellites, where the penetration rate for various detector
thicknesses was obtained, provided much of the basis for the model. This data was converted to
meteoroid mass using eq. 1, an empirical equation that gives the thickness t, in cm, of a sheet of material

that can be completely penetrated by a particle of mass m, in g, having a density 9, in g/cm3, when the

impact speed is Vr, in km/s.

t = K1 m .352 pl/6 Vr.875 (1)

The coefficient K1 is a material constant equal to 0.54 for aluminum sheets. The model should provide

excellent predictions of the penetration fluxes for thin sheets on randomly tumbling surfaces if the same
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penetrationequationoriginallyusedto convertthepenetrationdatatometeoroidmassis usedtoconvert
meteoroidmassbackto penetrationcapability. If amoreaccuratepenetrationequationis foundandis
usedwith themodel,it will givethewrongmeteoroidpenetrationflux.

However,theLDEFdatapresentedin thisreportis not thenumberof penetrationsthroughsomethin
sheetof material,but is instead,thenumberof cratersaboveagivensizein athickplate. Thereforean
equationisneededthatgivesthesizeof acraterproducedby ameteoroid.Theaccuracywith whichthe
modelin ref.1canpredicttheflux of cratersaboveagivensizedependson therelationshipbetweenthis
cratersizeequationandthepenetrationequationoriginallyusedtoconverttheflight datato meteoroid
mass.Theimportantthing isnotwhetherthecratersizeequationis accuratebutwhethertheratioof crater
sizepredictedto penetrationthicknesspredictedbytheoriginalequationis correct.Of course,thegoalis
to obtainaccuracyin bothequationsandin themeteoroidmodel. It mustberemembered,however,that
whenabetterequationfor penetrationthicknessis obtained,themodelwill haveto berevised
correspondingly.

With only modestexpectationsthen,theaverageflux of craterswith a lip diameterof 0.5mmor
greaterwascalculatedfor ahypotheticalrandomlytumblingLDEF, usingthenear-Earthmeteoroid
environmentmodelin ref.1andthecraterdepthequationfrom ref.3,whichfor analuminumplateis

P = 0.42m-352pl/6 Vr2/3 (2)

where m is the particle mass, in g, 9 is the mass density of the particle, in g/cm3, Vr is the speed, in

km/s, and P is the crater depth from the surface of the plate, in cm. The depth of a crater having a lip
diameter of 0.5 mm would be about 0.1875 mm (0.5 mm x 0.75 x 0.5), assuming the average crater
shape seen in Table II. Using an average impact speed of 20 km/s and an average mass density for

meteoroids of 0.5 g/cm3, as suggested in ref.1, eq.2 gives a meteoroid mass of 7.0 x 10-7 g. The
average flux of meteoroids of that mass and greater on a randomly tumbling spacecraft orbiting at an

altitude of 477 km is, according to ref. 1, 7.0 x 10-8 m-2s-1. For the 29.37 m2 of aluminum plate

considered in this study and the 1.82 x 108 s duration of the LDEF mission, that flux results in a
predicted 374 meteoroid craters.

Man-made Orbital Debris

The man-made orbital debris model in ref.4 is more detailed than the meteoroid model in ref. 1. It gives
the velocity distribution of debris relative to a spacecraft, both speed distribution and direction
distribution, and therefore predicts a crater flux that varies with location on the spacecraft.

This model gives the flux of man-made debris on a spacecraft as a function of particle diameter. The
model is based on radar and optical measurements of orbiting objects where radar cross-section and
optical intensity is measured and converted to particle size, and on penetration and crater size data from
samples returned from the Solar Max spacecraft where penetration thickness and crater dimensions, for
those impacts caused by man-made debris, were converted to particle diameter using empirical penetration
equations and an assumed particle density. Man-made debris craters were identified by chemical analyses
of impactor residue found in the craters.

This man-made orbital debris model assumes that the debris is in circular orbits and predicts that the
LDEF, had it flown in its planned orientation, would not have been struck by man-made debris on the
space-facing end, the Earth-facing end, or on the trailing edge. Because of the one degree forward pitch
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angle,thespace-facingendwouldbepredictedto receiveasmallnumberof impacts.Theflux of theman-
madedebriscratersaroundtheLDEF havingdiametersof 0.5mmor greater,aspredictedby the
modelin ref.4, is shownin Fig.6. Equation3 wasusedto determinethemassof thedebrisrequiredto
makea 0.01875cmdeepcrater. It is identicalto eq.2exceptthattheeffectof theimpactangleis
included.

P = 0.42m.352pl/6 Vr2/3(cos0)2/3 (3)

The angle 0 is the impact angle measured from the normal to the surface. It is stated in ref.3 that the crater

depth depends on the impact angle, correlating with the normal component of velocity for impact angles
within 60 degrees of the normal. While mentioned in the text in ref.3, this impact angle effect was not
included in the equations presented. The use of the normal component of velocity to predict crater depth is
common and may have been used to convert the Solar Max data to debris mass in the man-made orbital
debris model.

If the man-made orbital debris model is accurate, man-made debris must have created about one-fourth

of the large craters on the Row 6 plates, about 11 percent of those on the Row 9 plates, and much less
than one percent of the craters on the Row 3 and Row 4 plates. The variation in the crater flux with the
location on the spacecraft predicted by the man-made debris model is quite different from that found on the
LDEF. This further suggests that meteoroids do indeed dominate the particulate environment in this size
range. The model predicts 94 man-made debris craters with a lip diameter of 0.5 mm or greater on the
LDEF surfaces being considered in this study, which is 16 percent of the number actually found on the
LDEF.

Combined Models

The total number of meteoroid and man-made orbital debris craters predicted by the models is 468. _
The calculated number is lower than the actual number on the LDEF, perhaps because the oriented
surfaces considered in this study do not approximate well a randomly tumbling plate of equal area, thus
producing an error in the calculation of the meteoroid flux, or perhaps because the crater depth equation
and the penetration thickness equation do not provide the proper relationship between the crater size a
particle can produce and the thickness of material it can completely penetrate. It is clear, however, that a
different type of meteoroid model is needed, one that gives the variation in flux with surface location or
orientation.

NEW MODEL OF THE NEAR-EARTH METEOROID ENVIRONMENT

Approach

The deficiency in the current model of the near-Earth meteoroid environment (ref. 1) is that the
directionality of the meteoroids is not defined. The first approach taken in establishing a new model was
to assume that meteoroids would approach a stationary spacecraft from all directions not shielded by the
Earth with equal probability; i.e. the directionality of the meteoroids is random. There is some theoretical
basis for such an assumption. Kessler showed in ref.7 that, averaged over the entire Earth, the
distribution of the angles at which meteoroids enter the atmosphere is random, and Zook argues in ref.8
that for a long mission, the LDEF mission in particular, a spacecraft is in so many positions relative to the
Earth, and the Earth is in so many positions relative to the sun that a large portion of space is viewed and
that meteoroids appear to approach the position of the spacecraft with random directionality when all
impacts over the duration of the mission are taken together.
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In theveryfirst modeltestedhere,it wasassumedthatmeteoroidswouldapproacha stationary
spacecraftrandomlyfrom all directionsin thehalf-spaceabovethespacecrafthorizontalplane,i.e.the
planethroughthespacecraftpositionthatisperpendiculartothezenith/nadirline. Whenspacecraftmotion
wastakenintoaccount,themodelpredictedwell theflux onall fourteenfacesof theLDEF.

However,whenthemodelwasexpandedto includetheregionsof spacebelowthehorizontalplane
thatarenotshieldedby theEarthandits atmosphere,asit shouldbe,agreementwith theLDEF datawas
notquiteasgood. Theflux predictedfor thetwelvesidesof theLDEF wasgoodbut theflux predicted
for thespace-facingendwastoolow by morethan30percent,whichexceedsthe90percentconfidence
limits for thedata. It appearsthattheassumptionof randomdirectionalitymaynotbecompletelyaccurate.

No attemptwasmadeto understandtheoreticallythecauseof thediscrepancy.But, inorderto provide
amodelof thenear-Earthmeteoroidenvironmentthatdoesnotunderestimatethemeteoroidflux ona
space-facingsurface,directionalitydistributionsthatareskewedtowardthezenithweretested,even
thoughtheyhavenobasisin theory.Thezenithdistance,z,is theanglemeasuredfrom thezenithto the
directionfrom whichameteoroidwouldapproachastationaryspacecraft.Valuesof thedistribution
constantC for azenithdistancedistributionfunction f(z) of theform

f(z) = sin(Cz) (4)

weretestedto seeif therewassomevaluefor whichthemodelwouldaccuratelypredictthefluxesonall
fourteenfacesof theLDEF. A value of 1.4 provided good agreement with the LDEF data. For a random
distribution of meteoroid directions, C would have a value of one. When many more craters are included
in the analysis, the random directionality will be re-examined, but for the time being, an artificial
distribution of meteoroid directions is proposed for the new model of the near-Earth meteoroid
environment.

The new model retains the essential elements of the previous model, i.e. the size distribution, mass
density, and gravitational enhancement of the meteoroid flux near the Earth. The Earth shielding factor
found in ref. 1 and ref. 2 is not included as a separate factor because it is inherent in the directionality
assumption.

The spatial density of meteoroids, i.e. the number of meteoroids per unit volume, is a concept
introduced in the interplanetary meteoroid environment model in ref.2 that is also used in this model.

Spatial density can be inferred in ref. 1 from the flux and average velocity, but it was not developed there
as a property of the meteoroid environment.

The crater depth equation from ref.3, with the effect of impact angle included (eq.3), is accepted here
and thus becomes an integral part of this new near-Earth meteoroid environment model.

Different meteoroid speed distributions, direction distributions, and spatial densities were examined
and the combination that gave the best agreement with the crater flux found on the various faces of the
LDEF was selected.

It is assumed that the size distribution, speed distribution and the direction distributions of the
meteoroids are all independent of each other.

Some details of the proposed new model of the near-Earth meteoroid environment are given in the

following five sections.
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Directionality

Theprobabilitydensityfor meteoroidsapproachinga spacecraftpositionwith azenithdistance,z, is
takentobe

128.6"
[,

f(z) = sin (1.4 z)/Isin (1.4 z) dz

.]0*

0* < z < 128.6" (5)

f(z) = 0 128.6" _<z < 180" (6)

The probability of meteoroids approaching a spacecraft from within 51.4 degrees of the
spacecraft/Earth line becomes zero. Thus the Earth shielding is effectively constant for all altitudes above
2000 km. For spacecraft below an altitude of 2000 km, the shielding from meteoroids provided by the
Earth and its atmosphere, assumed to be 165 km high, varies with altitude.

Two angles define the meteoroid directionality, the zenith distance is one, the azimuth is the other. The
azimuth is the angle from a reference direction in the horizontal plane of the spacecraft. The probability
density for meteoroids approaching a spacecraft with an azimuth, a, is independent of a and is

f(a) = 1/360 0* < a < 360* (7)

Speed Distribution

The speed distribution of meteoroids, as given in refs. 1,9,10 and 11, is the speed distribution of
meteors observed in the Earth's atmosphere corrected to a constant meteoroid mass. It gives the fraction
of the meteoroid flux on the atmosphere that is in various speed ranges. There is a bias in the
observational data of meteors toward the faster meteoroids because they produce more easily detected
radar and optical trails. As a result, smaller and more numerous meteoroids are observed at the higher
velocities. The differences in the speed distributions from refs. 1,9,10 and 11 are caused largely by the
methods used to extract this bias from the data and get the speed distribution for constant mass
meteoroids.

Because the concept of spatial density is being used in this new model, the speed distribution of
meteoroids in a volume of space is required, and that is different from the speed distribution of the
meteoroid flux on the atmosphere. For a unidirectional flow of particles, the relationship between the

spatial density, S, and the flux, ¢, on a surface perpendicular to the flow direction is

= s v (8)

where V is the speed. Thus the speed distribution of meteoroids striking the atmosphere can be
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transformedto thespeeddistributionof meteoroidsin avolumeof spacejust outsidetheatmospherewith
therelationship

f(V) = (f00(V)/V)//f_(V)/V dV (9)
I

V _

where f(V) is the probability density for meteoroids in a volume of space having speed V, and f¢(V) is the

probability density for meteoroids striking the atmosphere with speed V.

The speed distributions from refs. 1,9,10,and 11 were tested in the new model. The speed distribution
from ref. 1 has more high speed meteoroids than the others and does not give enough variation in crater
flux around the LDEF, while the speed distribution in ref.9 has an abundance of very low speed
meteoroids and gives too great a variation in crater flux. The speed distributions found to provide the best
agreement with the crater distribution found on the LDEF are those proposed by Erickson (ref. 10) and by
Kessler (ref.11). These independently derived distributions, which used different sets of meteor data, are
nearly identical. A mathematical description of the Erickson speed distribution is given by Zook in ref. 12
as

f¢(V) = 0.112 11.1 < V < 16.3 km/s (10)

f¢(V) = 3.328 x 105 V -5.34 16.3 < V < 55 km/s (11)

f¢(V) = 1.695 x 10 -4 55 < V < 72.2 km/s (12)

where f¢(V) is the probability density for meteoroids entering the atmosphere with speed V, in km/s.
These equations also describe the Kessler speed distribution.

Density

The mass density of 0.5 g/cm3 for meteoroids, given in both ref.1 and ref.2, is adopted for the new
model.

Gravitational Focusing

The flux of meteoroids on a spacecraft is enhanced by gravitational focusing, so that the closer the
spacecraft is to the Earth, the greater the meteoroid flux tends to be. In this new model, as in ref.2, the
flux on a spacecraft is calculated, fu'sfly, ignoring gravitational focusing, and then, that flux is multiplied
by the gravitational enhancement factor, G, which from ref.2 is

G = 1 + 0.76 (re/r) (13)

where re is the radius of the Earth and r is the distance of the spacecraft from the center of the Earth.
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SpatialDensityandSizeDistribution

Thespatialdensityof meteoroidsusedin thenewmodelis 2.33timesthespatialdensitygivenin ref.2
at 1AU, thuspreservingthesizedistributionof meteoroidsinherentin thespatialdensityfunction. The
spatialdensity,S,in no./m3,is thereforetakento be

logl0S= -17.775- 1.584logl0m- 0.063(logl0m)2

logl0S= -17.806- 1.213logl0m

wherem is themeteoroidmass,in g.

m < 10 -6 g (14)

m > 10 -6 g (15)

Using the Model to Calculate Crater Flux

Meteoroids that approach a spacecraft from some small region of space, with speeds in the small speed
range around V, will produce a crater in an aluminum plate that is deeper than P, if their mass exceeds m,
where

m = p2.84 / ( (0.42)2.84 p.473 Vrl.894 (cos 0) 1.894) (16)

and where Vr is the relative speed between the spacecraft and the meteoroid and 0 is the impact angle on

the plate relative to the normal to the plate surface. This is eq.3 with the terms rearranged. The spatial
density of meteoroids of mass m and greater is obtained from eq. 14 or eq. 15. The flux of meteoroids of
mass m and greater on the plate, and hence the flux of craters of depth P and deeper, from this small

component of the meteoroid environment is

A_ = G S Vr cos 0 f(z)Az f(a)Aa f(V)AV (17)

where Az is the size of the zenith distance range and Aa is the size of the azimuth range of the region of

space being considered, and AV is the size of the speed range being considered. The meteoroid velocity

relative to the spacecraft, and relative to the Earth, both appear in this equation.

The total flux of craters from the entire meteoroid environment is obtained by summing the
contributions to the flux from all speed ranges and from all regions of space not shielded by the Earth.
Care must be taken to make sure that the proper units are used in eq.17 where V has been expressed in

km/s and S in m-3, and one must be converted to make the length units consistent.

Comparison with the LDEF Data

The crater flux predicted by the new near-Earth meteoroid environment model of this paper for the
fourteen faces of the LDEF is shown in Fig.7. The agreement with the data is excellent with the exception
of the face nearest the vailing edge. The disagreement for the Earth-facing end is not significant because
the measured flux is based on only one crater.
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ComparisonwithPegasusData

While theLDEFprovidesthebestdataonmeteoroidimpactsonanorbitingspacecraft,some
considerationshouldbegivento theflight datausedto formtheoriginalnear-Earthmeteoroid
environmentmodelin ref.1,particularlythedatafromthe406-micron-thickaluminumpenetration
detectorson thePegasussatellite.Thepenetrationflux for thatdetectorwas5.6x 10-8penetrations/m2s
(ref.13). Thevalueof 8.0x 10-8m-2s-1thatappearsin ref.1is a hypotheticalflux derivedfrom the
Pegasusdatafor thecaseof anEarthwithagravitationalfield butnosizeto shieldthespacecraftfrom
meteoroids.

Theaccuracywith whichthenewnear-Earthmeteoroidenvironmentmodelwill predictthePegasus
penetrationflux dependsontherelationshipbetweenthepenetrationthicknessequationselectedandthe
craterdepthequationthatis anintegralpartof thenewmodel. Theequationusedin ref.1 torelate
meteoroidpropertiesto penetrationthickness(eq.1)doesnotprovidegoodagreementwith thePegasus
datawhenusedwith thenewmodel,seeTableIII. It overestimatesthepenetrationflux becauseit uses
theimpactvelocityinsteadof thenormalcomponentof the impactvelocity. Modifyingeq.1toincludethe
effectof impactangle,improvestheagreementsomewhatbutthepenetrationflux is still overestimatedby
afactorof 2.8,suggestingthatthevelocitydependencemaybewrong.

A new penetration thickness equation is proposed where the velocity dependence for complete
penetration is assumed to be the same as that for crater formation at meteoroid impact speeds. It is

t = K m .352 p 1/6 Vr 2/3 (cos 0) 2/3 (18)

where K is a material constant that was determined to be 0.72 for aluminum by requiring that two
conditions be satisfied. Firstly, eq. 18 must predict about the same penetration thickness as eq. 1 in the
5 km/s to 8 km/s speed range because eq. 1 is an empirical equation derived from laboratory tests in that
speed range. It agrees within 14 percent. Secondly, when eq. 18 is used in the new near-Earth meteoroid
environment model, the predicted flux for the Pegasus detector must be about the same as the measured
flux. It agrees within 17 percent.

DISCUSSION

The new model of the near-Earth meteoroid environment predicts crater fluxes of 0.5 mm diameter and
greater craters on the fourteen faces of the LDEF that are in good agreement with the measured fluxes, for
the most part. The exception, for the face nearest the trailing edge, is taken to be the result of a statistical
variation in the measured flux.

The new meteoroid model accounts for all the craters found on the LDEF plates studied. No
adjustment has been made to make the combined meteoroid and man-made debris models predict precisely
the total number of craters found on the LDEF because the accuracy of the models is not expected to be
near 16 percent, i.e. the contribution from man-made debris to the total flux.
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Thedirectionalityproposedfor themeteoroids,specificallythezenithdistancedependence,givesa
greaterflux on thespace-facingendof theLDEFrelativeto thesidesthanarandomdistributionof
meteoroiddirectionswouldgive. Whenrandomdirectionalityis usedin thisnewmodelandthespatial
densityisadjustedsothat606craters are predicted, the crater flux on the space-facing end is only

1.4 x 10-7 m-2s-1, compared to the measured flux of 2.0 x 10-7 m-2s-l. When the zenith distance

probability density function given in this paper is used, the predicted crater flux on the space-facing end is

1.9 x 10-7 m-2s-1.

The fraction of the craters that were caused by man-made debris is not known. Hopefully, impacting

particle residue will be found in the craters and chemical analyses will distinguish between meteoroids and
man-made debris. Because the model of the man-made debris environment predicts that the debris would

create only 16 percent of the craters found on the LDEF, it is entirely plausible.
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Table I. Dimensions of twenty-seven large craters on the Meteoroid and Space Debris

Impact Experiment plates from LDEF.

Location

F3

F10

H5

Dlips, mm D, mm P, mm D/Dlips P/D

1.92 1.46 0.73 0.76 0.50

1.50 1.16 0.58 0.77 0.50
1.50 1.12 0.58 0.75 0.52

0.97 0.72 0.37 0.74 0.51

0.86 0.65 0.33 0.76 0.51

0.75 0.56 0.33 0.75 0.59

0.73 0.59 0.24 0.81 0.41

0.64 0.45 0.24 0.70 0.53

0.63 0.47 0.27 0.75 0.57

0.75 ave 0.52 ave

4.02 3.02 1.55 0.75 0.51

2.04 1.58 0.75 0.77 0.47
1.96 1.46 0.75 0.74 0.51

1.44 1.09 0.59 0.76 0.54

1.42 1.08 0.54 0.76 0.50

1.34 1.02 0.48 0.76 0.47

1.22 1.06 0.52 0.87 0.49

1.20 0.88 0.48 0.73 0.55

1.14 0.82 0.41 0.72 0.50

0.76 ave 0.50 ave

1.12 0.89 0.41 0.79 0.46

0.90 0.68 0.35 0.76 0.51

0.85 0.63 0.32 0.74 0.51
0.84 0.62 0.38 0.74 0.61

0.75 0.57 0.29 0.76 0.51

0.68 0.51 0.30 0.75 0.59

0.68 0.55 0.25 0.81 0.45

0.66 0.53 0.23 0.80 0.43
0.62 0.50 0.23 0.81 0.46

0.77 ave 0.50 ave
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Table II. Location on LDEF of all large craters considered in this report.

Tray Number Area, m 2 Orientation, deg

B1 16 1.18 112
E1 20 1.18 112
F1 9 1.18 112

B2 5 1.18 142
D2 2 0.78 142

F3 9 1.18 172

C4 2 1.18 158
E4 7 1.18 158

A5 6 1.18 128
F5 7 1.18 128

A6 11 1.18 98
B6 16 1.18 98
D6 13 O,78 98

C7 32 1.18 68
E7 30 1.18 68
F7 39 1.18 68

B8G 17 0.39 38
B8H 21 O.39 38

B9G 29 0.227 8
B9M 7 0,185 8
B9H 15 0.207 8

F10G 46 0.59 22
F10H 32 0.59 22

Bll 48 1,18 52
Ell 5O 1.18 52
Fll 48 1.18 52

A12 26 1,18 82

H5 19 0.52 Space End
H19 23 0.63 Space End

G4 1 0.52 EaCh End
G8 0 0.52 EaCh End
G19-9 0 0.90 EaCh End
G21-3 0 0.90 Each End

Note: Orientation for trays on the sides of the LDEF is the angle between
the normal to the tray surface and the spacecraft velocity vector.

Table II1. Calculated penetration flux for 406-micron-thick aluminum detectors on the Pegasus
satellites using the new near-earth meteoroid environment model and various penetration
equations.

Penetration Equation

t = 0.54 m 0.352 p 1/6 v 0,875

t = 0.54 m 0.352 p 1/6 v 0.875 (cos e) 0.875

t = 0.72 m 0.352 p 1/6 v 2/3 (cos e) 2/3

Source Calculated Penetration Flux, m'2s "1

ref, 1 3.29 x 10 -7

ref. 1 (modified) 1.56 x 10 .7

this paper 6.55 x 10 .8
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Fig. 1. Identification system used for the tray locations on the LDEF. The shaded areas show the
location of the Meteoroid and Space Debris Impact Experiment plates. The location of the
thermal panel and dummy plates used in this study are also shown.

Fig. 2. Tray B9 containing aluminum plates donated by Wayne Slemp to the LDEF M&D SIG that were
examined and included in this study.
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Fig. 3. Largest crater on the Meteoroid and Space Debris Impact Experiment. A 4 mm diameter crateron plate F10H.

Fig. 4. Side view of a 2 mm diameter crater on plate F10H.
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Fig. 5. Measured crater flux around the LDEF for craters with a lip diameter of 0.5 mm or greater.
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Fig. 6. Predicted crater flux from man-made orbital debris using the model in ref. 4 by Kessler, for
craters with a lip diameter of 0.5 mm or greater.
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Fig. 7. Predicted crater flux from meteoroids using the new near-Earth meteoroid environment model
proposed in this paper, for craters with a lip diameter of 0.5 mm or greater.
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SUMMARY

Two experiments, within the French Cooperative Payload (FRECOPA) and devoted to the
detection of cosmic dust have been flown on the Long Duration Exposure Facility (LDEF), launched
in April 1984, and retrieved in January 1990. A variety of sensors and collecting devices have made
possible the study of impact processes on materials of technological interest. Prelirninary
examination of hypervelocity impact features gives valuable information on size distribution and
nature of interplanetary dust particles in low earth orbit, within the 0.5-300 micrometer size range.
Most of the events detected on the trailing face of LDEF are expected to be the result of impacts of
meteoritic particles only. So far, chemical investigation of craters by EDS clearly shows evidence of
elements (Na, Mg,Si,S,Ca and Fe) consistent with cosmic origin. Systematic occurrence of C and O in
crater residues is an important result, to be compared with the existence of CHON particles detected
in P-Halley comet nucleus. Crater size distribution is in good agreement with results from other dust

experiments flown on LDEF. However no crater smaller than 1.5 l.tm has been observed, thus

suggesting a cut-off in the near earth particle distribution. Possible origin and orbital evolution of
micrometeoroids is discussed. Use of thin foils detectors for the chemical study of particle remnants
looks promising for future experiments.

INTRODUCTION

Interplanetary space contains solid objects whose size distribution continuously covers the
interval from submicron sized particles to km sized asteroids or comets. Some meteoroids originate
from comets ( mainly dust ejected at perihelion), some originate from collisions within the asteroid
belt. The relative contribution of these two sources is still a matter of debate. A majority of particles
are likely to come from comets but recent data from the Infrared Astronomy Satellite (IRAS) indicates
that asteroids could be a source larger than expected. In addition to natural particles, a significant and
growing number of particles has been added by human activity in near earth space. Present
knowledge of the occurrence andphysical properties is based primarly on earth bound observation of
meteors, comets, zodiacal light, data from infrared satellites (IRAS) as well as on board measured
flux by instrumented spacecraft (Pegasus,Vega, Giotto, Space Shuttle and the MIR Soviet Space
Station), study of lunar samples and dust collection in the upper atmosphere /1,2/.

The spatial density (number per unit volume) of meteoroids varies as a function of distance
from the sun, distance from a planet, ecliptic latitude and longitude. The lifetime of interplanetary dust
is dynamically limited, gravitational and solar radiation pressure (Poynting Roberston effect)

gradually reducing the size of the orbit after typically 104 years; the lifetime of particles is also
controlled by collision processes. Submicron particles will be blown out off the planetary system by
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solarradiationpressure(13meteoroids).In thevicinityof earth,gravitationalperturbationsandthe
influenceof theatmospheregreatlyaffectthedistributionof theparticles.In-situdetectionand
collectionof dustbyexperimentsflownonLDEFareexpectedtoimproveourcurrentunderstanding
of thisaspectof thespaceenvironment.Originallylaunchedfor aninemonthmission,theNASA
LongDuration Exposure Facility (LDEF) has been retrieved after 2105 days in orbit. During its
mission LDEF was stabilized with the long axis continually pointed toward the center of the earth,
and surfaces perpendicular to this axis pointed at fixed angles with respect to the direction of orbital
motion.

EXPERIMENTAL APPROACH

Part of the tray allocated to French experiments, known as the FRECOPA payload, has been
devoted to the study of dust particles. The photograph (fig.l) shows the experiment in its flight
configuration. The tray was located on the face of LDEF directly opposed to the velocity vector (west
facing direction) in location B3 according to the LDEF description.

Two entirely passive experiments have been flown for the detection of microparticles. The
first one: Study of Meteoroid Impacts on Various Materials (AO138-1) was composed of a
set of thick glass and metallic samples; the second one: Dust Debris Collection with Stacked
Detectors (AO138-2) was composed of multilayer thin foil detectors. The collection area was about
2000 cm 2. In addition to these dedicated experiments a large variety of materials on the same tray

(8500 cm 2) have been exposed to the bombardment of microparticles and are expected to provide
additional data. Detailed description of the hardware has been given elsewhere/3,4/and will be only
summarized here. Samples of interest for both experiments are listed on tables 1 and 2.

The thick target experiment (AO138-1) comprises selected metallic (A1, Au, Cu, W,

Stainless Steel, thickness : 250 l.tm) and glass surfaces (1.5 mm thickness). Samples have been
exposed to space for all the mission duration (5.5 years). Crater size distribution from these thick
target experiments will enable, with the aid of laboratory calibration by solid particle accelerators, the
evaluation of the incident microparticle flux in the near earth environment. Information on the
velocity, particle density and incident direction will be generally difficult to decode; however this
could be partially determined by studying the geometry of impact craters.

A more critical issue is the determination of the chemical composition of the impacting
particles. In general they are physically destroyed and mixed with target material in the process of
crater formation. Although little or no pristine material is likely to be left for chemical analysis,
particularly in metals such as tungsten or gold, it is possible to collect quite sufficient projectile
residue material for analysis/5/. Based on laboratory experiments such residues may be reduced to a
probable initial composition.

The multiple foil penetration and collection experiment (AO138-2) was located inside one of
the three canisters, for maximum protection of fragile thin metal films before and after exposure to
space/3,4/. The canisters have been openedashort time after LDEF deployment and closed nine
months later. The aim of the experiment is primarilytoihvestigatethe feasability of multilayer thin
film detectors acting as energy sorters in order to collect micrometeoroids, if not in their original
shape, at least as "break-up" fragments suitable for chemical analysis. The behaviour of hypervelocity
particle impacts on thin foils has been extensively studied in the laboratory and data will provide a
basis for interpretation. Upon perforation of a thin foil, a particle undergoes either a deceleration or a
fragmentation, depending on impact velocity, density of the target or projectile and thickness to
diameter ratio/6,7/. One or more thin metallic foils are set in front of the main target in order to

produce size selective detectors. Foil thickness ranges from 0.75 p.m to 5 p.m of aluminium; such

foils are expected to slow down particles with diameters between 1 and 10 l.tm diameter, without
complete destruction. Separation distance between foils is 1 ram, enough to have eventual fragments
dispersed over a large area.
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PRELIMINARYRESULTS

The experimenthasbeenrecoveredin good conditionsafter exposureto space.As a
consequenceof itspositiononLDEF,exposuretoatomicoxygenerosionwaskepttoaminimum.In
thispaperweshallgiveresultsconcerningthelargestimpactfeaturesfoundontheexperimentsand
on theFRECOPApayloadandsomefirst dataconcerningthesizedistributionof smallsizecraters.
After preliminaryobservationby the M&D SIG teamduringLDEF deintegrationat KSC, the
FRECOPAtray hasbeencarefullysearchedfor impactfeatures,atCNESprior to deintegrationof
experimentsandat CERT.ThesurveywasmadewithanopticalmicroscopeNikonProfileProjector
V12atmagnifications20Xand100X.Scanningelectronmicroscopy(SEMJeolJSM-840AatCERT
andOrsay)hasbeenusedforthesamplespurposelydedicatedto theexperimentandfor anypeculiar
featureobservedon othersurfaces.Energydispersivespectroscopy(EDSLink Analytical eXL
analyseratCERTandEDAXAnalysisTracor system at Orsay) chemical investigation of projectile
remnants has been carried out in some craters. Materials not specifically dedicated to dust detection
have provided useful data, mostly because of the large area time exposure. As expected, the number
of impact craters varies significantly with the location on the LDEF surface. Comparison with data
from different locations on LDEF and comparison with other experiments will be made later.

Large Craters into Thick Targets

Threemain types of materials have been exposed to micrometeoroid impacts: metals, fiber
glass thermal covers backed by mylar foil, and quartz samples.

Two large impact features have been found : one full penetration (diameter 1.25 mm) and one
marginal penetration (diameter 1.07 ram) of a lmm aluminium shield. About 90 craters larger than 50

l_tm have been found on a total area of one square meter. Four craters are larger than 500 microns.
Most of the large craters are circular in outline, though some small craters do indicate oblique
incidence. Table 3 summarizes all the large craters found on different materials. The figures 2 to 5
show typical hypervelocity impact craters into different materials. Craters on aluminium, stainless
steel and copper are typical of hypervelocity impact in metals/8/, with a depth to diameter ratio of
about 0.55. Few large impacts have been found so far on quartz targets, two of them show a
morphology typical of impacts on brittle materials (figure 3): a central pit with evidence of fusion, an
inner ring of spalls and an outer more or less symmetrical spallation zone/9/; similar features have
been found extensively on lunar samples. For the elongated shape of the central pit, it is possible that
the projectile was irregularly-shaped or impacted at a large angle of incidence (greater than 45 ° in
order to change the shape of the central pit). A number of impacts have been found on the thermal
covers (tefloned glass fabric). Figure 4 shows a typical perforation. The hole diameter is
approximately the same on the reverse side of the composite, as would be expected from a thin plate.
Damage consists of broken fibres with missing binder material, conf'u'ming initial findings by NASA
/8/. The picture shows evidence of both brittle fibre fracture and of fibre melting. Features of peculiar
interest are damages caused to the mylar foil located beneath the fiber glass fabric. Under UV
irradiation the mylar became very brittle and was badly damaged upon impact. This is an illustration
of synergistic effects on the degradation process occurring in space.

Microcraters into Thick Targets

Four cm 2 of aluminium sampleA54 from the AO138-1 experiment have been thoroughly

analyzed in search of microcraters less than 20 t.tm in size. We used a JEOL 840 Scanning Electron
Microscope, equipped with an EDAX Analysis Tracor system. The detector had no window protection
allowing a quantitative analysis of elements down to Z=23 and a qualitative research of Carbon and
Oxygen (nitrogen could not be detected with this equipment). A first scanning of the samples at a
magnification of 750 X allows a selection of events showing typical crater features (circular feature,

ridge). A typical flux density of a 2.10"4/m2/s crater larger than 1.5 l.tm has been estimated; flux mass

distributions found for larger craters can thus be extended with very good agreement to such small
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sizes.Dataareconsistentwithresultsfromthe [DEexperimentin thesamesizerange."Weobserved

no craters smaller than 1.5 _m in size, thus implying a cut off in the particle size distribution,

orbiting the earth and impacting our samples, asimilar trend has been observed by E. Zinner 1 on
another experiment. Considering simulation experiments concerning the crater diameter to particle
diameter ratio, for various collector thicknesses, we can admit a factor 5 between the crater size and

the particle size : the smallest impacting particles have a mass in the 10"13 g. region.

Microeraters into Thin Targets

Of peculiar interest was the study of impact features on the thin foil detectors. As the exposure
was limited to nine months areal density of impacts is small and study is still in progress. The figure
5 shows the perforation of a 5 microns aluminium foil (sample AD11). The perforation formed an
ellipse measuring 55 by 40 microns (oblique impact or elongated projectile). It is a typical
"supramarginal perforation" with a crater diameter to foil thickness ratio of D/f=10; diameter of the
particle isestimatedto be40microns.The bottom plate beneath the perforation shows a star-shaped
distribution of small secondary craters (sample AD12). The top foil acted as a shield, fragmenting the
projectile and spreading the fragments over the surface of the thick plate. The craters range in size

from 0.6 p.m to 15 i.tm and are mostly distributed along two axes. An angular particle, 18 mm by 15
mm is visible at the intersection of the axes. EDS analysis has provided evidence of impactor
fragment. As shown later, chemical investigation of secondary craters has given information on the
composition of an impacting particle. Detectors consisting of a thin shield and thick bottom plate appear
to offer a significandy higher return of information concerning chemical analysis of impactor residues
than single plate detectors.

Crater Size Distribution

The cumulative flux size distribution of craters (in aluminium) larger than 30 microns is
shown in the lower part of the figure 6. Several trends are visible : the flattening of the distribution at
small sizes is largely an observational artifact, due to the limited resolution of optical microscopy; the
middle part of the curve is consistent with the general size spectrum of microparticles and data
obtained elsewhere on LDEF; the change of slope at large sizes could be an artifact due to the limited
time-area of sampling, or more likely real as discussed by McDonnell et al./II3/. The upper part of the
figure shows the crater size distribution of craters between 1 micron and 10 microns as derived from
preliminary SEM scanning of small craters on aluminium samples (A54).

Figure 7 shows the flux, or number of particles/m2/s able to perforate a plate of
aluminium of given thickness as derived from perforations observed on our experiments. On the
figure 8 is shown a comparison betwween the distribution of craters observed on the Frecopa
experiment (A54-4/AO138) and an average value of the distribution of impact craters on the leading
edge and on the trailing edge of LDEF as obtained from other experiments (S0001, MAP, IDE).T
Agreement between A0138 data and average trailing edge data is good.

Flux Mass Distribution

The impact site survey yields a crater size distribution, which should be converted to a particle
mass distribution by using the relevant relationship between crater sizes and particle mass and
velocity. The discussion is out of the scope of this paper; however assuming an average impact
velocity of 20 km/s, the value of the ratio of crater diameter (D) to the particle diameter (d), could be
chosen as : D/d = 5. Figure 9 shows the cumulative flux versus the mass of particles, as derived from
AO138 dust experiments; for comparison is shown the flux derivedfrom theGriin et al.model/11/,
computed for an altitude of 500 km above the earth surface (randomly oriented plate).

The mass distribution in comparison to a review of comparable near-earth data shows a good
agreement /10/; the flux on the west face of LDEF is about 10 times lower than on the east face, for

1 E.Zinnor, private communication
* J.D. Mulholland et al. LDEF Interplanetary Dust Experiment : A high time resolution

snapshot of the near-earth particulate environment, in : Proc. Hypervelocity Impact in Space,
Canterbury,l-5 July 1991, (to be published 1992).

1 M. Zolensky et al. Meteoroid and orbital debris record on LDEF, in : Proc. Hypervetocity
Impact in Space, Canterbury, I-5 July 1991, (to be published 1992).



large particles. Most of the particles impacting this west face should be interplanetary dust particles,
not orbital debris. This fact is substantiated further by the chemical identification of projectile
remnants inside craters.

Chemical Analysis of Particle Remnants

The first EDS X ray analysis of a few small craters has shownoccurrence of elements Ca, K,
Ti, Fe and S. Typical spectra are shown on figure 10. Further analysis will doubtless give an insight
on the origin of the impacting objects.

A chemical analysis of all the craters found on sample A54 has been performed : X ray
identification of elements down to C is possible, because the detector used in the Edax,Tracor system
is window less. However nitrogen cannot be identified and of course as the collector is made of
Aluminium, no information on AI is possible; semi quantitative analysis is only possible beyond
Z=23 (Na).

Table 4 summarizes our results for the 15 craters identified so far : light elements C and O are
present, with a ratio C/O varying from 0.1 to 3. Significant variations appear inside the distribution of
individual craters. The other main elements identified in the various craters are usually refered to as
"chondritic" elements, as they exist in various proportions and are signatures of extraterrestrial
particles : Na,Mg,Si,S, Ca and Fe. For these elements also, important variations are found from
point to point inside the crater reinforcing the idea that the particles are truly aggregates bursting apart
during the impact. The systematic presence of C and O components in the various residues analyzed
is an important result: the occurrence of CHON particles detected in P-Halley nucleus (PUMA and
PIA experiments) would not be a particularity of this comet but could be a constant for extraterrestrial
particles of cometary origin, as seems to be the case for such particles.

For the sample AD12 located beneath the thin foil perforation described earlier, the elements
identified, in the central part of impact feature : Si,Fe,Na,Mg are characteristic of interplanetary dust
particles fromthemafic silicate family with olivine as a strongcandidate.The variation in chemical
composition between and within craters confirms the idea of an aggregate particle which burst apart
on impact. None of the above elements were found in the outside craters (far from center of impact
feature) which implies that these were caused only by aluminium fragments from the top foil.

We found no evidence of elementscharacteristic of orbital debris(Ti,Zn). We are thus highly

confident that all the craters analysed are of extraterrestrial origin, as expected due to the fixed
orientation of LDEF during its flight and to the exposition side of FRECOPA payload on board
LDEF. However there is still a possibility to record impacts from orbital debrisin highlyeccentric
orbits.t Further investigation is obviously needed.

CONCLUSION

LDEF offers a unique opportunity for the study of the many processes involved upon high
velocity impact phenomena and for the comprehensive description of the LEO microparticle
population. Particle collection in space will remain generally difficult, perhaps impossible for the
highest meteoritic velocities. Deceleration of lower velocity particles by multiple layer foils tentatively
proved sufficient to expect the retention of material suitable for identification. As shown by the
preliminary investigation of experiments and materials retrieved on FRECOPA, use of opportunities
to gain access to an orbiting hypervelocity impact laboratory offers considerable promise for the
future.The investigation of this near-earth region of space is a necessity not just for scientific but also
for technical reasons. However a great deal more research needs to be carried out to confirm the
validity of the findings.

Acknowledgements : Support from CNES for completion of experiment and for data
analysis and support from NASA for completion of the mission are greatly acknowledged.

t M. Zolensky et al. Meteoroid and orbital debris record on LDEF, in • Proc. Hypervelocity

Impact in Space, Canterbury, 1-5 July 1991, (to be published 1992).
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Table 1 : Experiment A 0138-1 Sample List

Designation:

A1

A2

A3

A4

A5

A6

B 1 to B27

Material:

Tungsten

Aluminium

Copper

Steel

Aluminium

Aluminium/Kapton

Glass

Thickness

(microns)

150

250

125

250

250

50

1.9 mm

Size (ram)

100 x 100

diam: 25
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Table2 •ExperimentA 0138-2SampleList

,Designation:

D1 - D5

D6

D7 - D8

D9 - D11

D12

E1 - E3

E3 - E6

E7 - E9

E10-E12

El3 -El4

E15-E17

E18-E19

Material:

Aluminium

Aluminium

Aluminium

Aluminium

Aluminium

Gold
Aluminium

Aluminium

Aluminium

Gold
Aluminium

Gold

Gold
Aluminium

Aluminium

Thickness

(microns)

125
5

125

125
2
2

125
5
2

125

125
2

125
2
2

125
0.75
0.75

125
0.75

125

125
2
0.75

125

Size (ram)

40 x40

30 x 30
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1

2

3
4

5

6
7

8

9

10

11

12

13
14

15

16

17

18

19

2O

21

22

23

24

25

26

27

28
29

30

31
32

33

34

35

36

37

38

39

40
41

Table 3

tdenlilica|ion

esl 1

esl 10

es12

es13

42

43
44

45

46

47
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62
63

64

65

66

67

68

69

70

71

72

73

74

Oiameler, um

215,000

80,000

250,000

350.000

es14 250,000

es15 150,000

es16 250.000

es17 200.000

es18 180.000

es19 90.000

es21 350,000

es22 250.000

es23 400.000

es24 300.000

es25 250.000

e31 350.000

e32 192.000
e33 147,000

e34 320,000

e35 198,000

e36 510,000

e37 160,000

e38 80,000

e39 135,000

e310 58,000

e311 148,000

e312 72,000

e41 315,000

e42 108.000

e43 80,000

e44 75.000

e45 130,000

e46 200,000

e51 1250,000
e52 1070,000

e53 395,000

e54 320,000

e55 125.000

e56 175,000

e57 200.000

e58 165,000

e59 140.000

e510 55.000

e511 115,000

e512 75.000

mY51 375,000

call 142.000

ca21 48.000

ca31 155,000

ca32 199.000

ca41 225.000
ca42 60,000

a21 176,000

a22 158,000

a23 165,000

a31 127,000

a41 64.000

a42 49,000

a51 550.000

a52 55,000

a53 50.000

a54 100,000

a55 62,000

a56 36,000

a61 50,000

dll 60,000

b251 330,000

b261 320,000
a24 75,000

all 50,000

b15 180,000

b16 400,000
dsl 65.000

ds2 110,000

Depth. um

920.000

240,000

190,000

65.000

80,000

110,000

130,000

40,000

90,000

80.000

90,000

70,000

35.000

22,000

30.000

65,000
35,000

P/D

180,000

170.000

35,000

15,000

ao138crat

Material

0,860
0.608

0.594

0.458

0,516

0.553

0,578

0,667

0,511

0,506
0,545

0.551

0.547

0,449

0,545

0,650

0,565

0,545

0.531

0,467
0,300

Comments

tg

fg

fg

fg

fg

Ig

Ig

fg

lg

fg

Ig

fg

Ig

lg

fg

fg

AI

AI

AI

AI

AI

A|

AI

AI

AI

AI

AI

AI

AI

AI

AI

AI

AI

AI perl. 1 mm
AI

AI

AI

AI

AI

AI

AI

AI

AI

AI

AI

tg
AI

AI

AI

AI

AI

AI
AI

AI

AI

Cu

ss

Ss

A I perf 250 um

AI

AI

AI

AI

AI

kaplon/AI
AI perf 5( um

AI

AI
At

W

quartz pit = 30

quartz pit= 95

AI

At
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LDEF AO138-1 SAMPLE A54-2,4 " CHEMISTRY

Crater n ° Size,Fm C/O(a) Na Mg Si S Ca Fe

1 1.5 1-1.5

2 1.5 0.5

3 1.5 0.7
4 1.5 0.5-1

5 2 (b)
6 2.5 1.5-3

7 3 1-2

8 3 (b)
9 3.5 1

10 4 0.3-04

11 4 0.5

12 5.5 0.5
13 6 0.2

14 10 0.1-1

15 10 0.5

E E

E 1

0.2 1
1 5

1
0.17 1

_ 1

0.3 1 (d) 1 1
1

0.4 0.2 1 _: 0.5 3

0.1 1 0.3
1.6 1 5 3

¢ ] E

0.13 0.07 1 0.13 0.3 8

Ni (c)

Notes :

(a) : peak height
(b) : no C present

(c) : reported to (Si) =1; ¢ : very weak peak

(d) : no Si present ; reported to (Mg) = 1

Table 4
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Fig. 1. This figure shows the FRECOPA experiment tray on LDEF, one of the dust experiment is
shown on the upper middle part of the tray, the other one is located inside one of the cannisters
(closed upon recovery).
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Fig.2.This figureshowsatypicalmediumsizedimpactonaluminiumsurface.

Fig.3.This figure showsan impactcrateronquartzsample.
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Fig.4. This figure shows a typical crater on tefloned fiber glass fabric.

Fig.5. Perforation of a 5 microns thick aluminium foil.
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Crater Fluence : Comparison with AO138
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Fig.8. Comparison of crater fluences observed on FRECOPA with data from other dust experiments
on LDEF.
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Fig.9. Cumulative flux on trailing side of LDEF as compared with flux model from Griin et
a1.(1985), see ref.13.
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Fig. 10. These figures shows typical X-ray spectra of points located inside impact craters
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METEOROID/SPACE DEBRIS IMPACTS ON MSFC LDEF EXPERIMENTS

Miria Finckenor

NASA/Marshall Space Flight Center (NSFC)

Marshall Space Flight Center, AL 35812

Phone: 205/544-9244, Fax: 205/544-0212

SUMMARY

This paper presents the many meteoroid and space debris impacts found on A0171,

A0034, S1005 and other MSFC experiments. In addition to those impacts found by the

meteoroid and debris special investigative group at KSC, numerous impacts less than 0.5 mm

were found and photographed. The flux and size distribution of impacts will be presented as

well as EDS analysis of impact residue. Emphasis will be on morphology of impacts in the

various materials, including graphite/epoxy composites, polymeric materials, optical coatings,

thin films, and solar ceils.

INTRODUCTION

The meteoroid and debris special investigative group noted over 34,000 impacts on the

LDEF surfaces. Due to time constraints, only about 6000 of these were optically recorded.

The general guidelines for photography were 0.50 mm or greater crater diameter in any

material, 0.25 mm or greater penetration in any material, and any impact crater or penetration
in an unusual material.

For each experiment, photographs and optical disk recordings were taken before and

after sample de-integration at MSFC. Spall, impact particle residue, and secondary impact

debris, if any, were photographed. The photographs were then archived with a description of

the impacted material and location, crater diameter, magnification, and any comments. The

optical disk recordings also have this information stored in each file.

RESULTS

A graph of the number of impacts versus the size of impact craters shows an

approximate logarithmic curve, as expected. While this is a good approximation, Figure 1

should not be directly compared to the meteoroid/debris environment model, which charts the

impact fluence versus the impact particle size. The particle size versus the size of crater

formed varies according to material properties of both the impact particle and the impacted
material.
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Meteoroid and Debris Impact Features Documented on the Long Duration Exposure

Facility, JSC #24608, hereafter referred to as the Meteoroid and Debris Impact Catalog, has

listed for each part of the LDEF the number of impacts found and the number of those

impacts photographed. The following data from each MSFC experiment are the results of the

photographic scans both at Kennedy Space Center and Marshall Space Flight Center.

A0171 - Solar Array Materials Passive LDEF Experiment (SAMPLE)

The Meteoroid and Debris Impact Catalog notes that 327 features were found on tray

A08, including the tray clamps, shims, and bolts. Thirty-six of the impacts on the experiment

tray itself were recorded on optical disk. Unfortunately, the LeRC, GSFC, and JPL sub-trays

of this experiment were returned to the co-investigators before a more detailed scan could

take place. Paul Stella/JPL has identified 157 impacts on one solar cell sub-plate, with seven

being >0.5 mm. At MSFC, an additional fifty-four impacts have been identified and

photographed on the main experiment tray, with special emphasis on the graphite/epoxy

tensile samples. Meteoroid and debris impacts may have some effect on the mechanical

testing of these samples. However, some small impacts from early in the mission may have

been eroded away by atomic oxygen erosion.

Generally, few material properties have been determined that would be directly

affected by meteoroid and debris impacts. Solar cells with debris impacts and cracked cover

slips {Figure 2} provide maximum power output similar to those not impacted. Interconnect

tabs were penetrated, but a negligible amount of material was removed. Impacts and

penetrations did not interfere with the mechanical peel tests of thermal control tape on

fiberglass/epoxy substrates. However, impacts have interfered with optical property

measurements. For example, the 1" dia. Tiodize K-17 sample from Plate IV has a relatively

small (0.55 mm) crater with a large (4.1 x 3.0 mm) spall zone. {Figure 3}

Some of A0171's samples have had EDS analysis. While this is not as sensitive as

SIMS analysis, it does provide some data on impactor residue and contamination. Titanium,

probably from white paint, and aluminum have been found in impact craters.

A0171 had one of the more interesting impacts of the MSFC trays. Shown in Figure

4, the aluminum tray has been hit by a meteoroid or debris particle, spraying debris onto the

nearby polymeric sample. Analysis is underway to correlate the crater diameter and debris

cone angle to the velocity, mass, and angle of impact of the particle.

S0069 - Thermal Control Surfaces Experiment (TCSE)

The Meteoroid and Debris Impact Catalog notes that 582 features were found on tray

A09. Thirty-four of these impacts on the experiment tray were optically recorded. At time of

publication, this tray has not been fully scanned for impacts. Analysis has been concentrated

on the complete penetration of the 0.063" thick aluminum plate. This plate is made of

aluminum alloy 6061-T6 and is comparable to the current bumper design for Space Station
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Freedom. Therewasno apparentdamageto theunderlyingstructure,indicatinga full break-
up of the impactor. Severalof the paint sampleshavebeenimpacted,but the atomicoxygen
erosionandUV degradationseemto havehada far greatereffect on thematerialproperties.

S1005- TransverseFlat-PlateHeatPipeExperiment

The MeteoroidandDebris ImpactCatalognotesthat tray B10had414 impacts. Fifty-
six of theseimpactson the experimenttray were recordedon opticaldisk. The SIG team
found thirty-oneimpactson thealuminumtray flanges. A photographicscanat MSFC found
ten additionalimpactcraterson the flangesandphotographedanotherninety-twoimpactson
the heatpipesandbetacloth blankets.

The heatpipeswerecoveredwith 5 mil silver/Teflon. Impactsinto this materialwere
typical, with the darkenedrings aroundtheimpactareaand delaminationof Teflon. {Figure
5} Therewerealsocratersthroughthe silver/Tefloninto the aluminumof the heatpipes.
The diametersof thesesecondarycratershavebeennotedin thephotographicrecordaswell.

In betweenthe heatpipeswere thermalblanketsconsistingof betacloth and multi-
layer insulation. Penetrationsthroughthe betacloth resultedin typical secondarydebris
penetrationsand meltingof the aluminizedMylar andDacronnetting of theMLI. One
particlepenetratedthebetacloth layer andfive layerseachof theMylar/Dacronnetting.
Performanceloss in the thermalblanketsis currently beinganalyzed.

A0034 - Atomic OxygenStimulatedOutgassingand
A0114 - Interactionof Atomic Oxygenwith Solid Surfacesat Orbital Altitudes

The MeteoroidandDebris ImpactCatalognotesthat 83 and508 impactswerefound
on the entireC03 tray andC09tray, respectively.A0034 andA0114 eachoccupiedonly
one-sixthof thesetrays. No impactswereoptically recordedon the trailing edgesub-trays.
At KSC, elevenandeight impactswerenotedon theram directionA0034 sub-trayandthe
A0114 sub-tray,respectively.

The MSFC photographicscansfor A0034havefound forty-two impactson theleading
edgesub-trayandfour impactson the trailing edgesub-tray. This agreeswith the
approximateratio of hits for leadingedgeversustrailing edgeof 10:1. Only oneimpact,
measuring0.20 mm, was foundon a UV window sample. {Figure 6} Optical propertytests
wereperformedin anunaffectedarea.The remainingimpactswere foundon thecoverplates.

At thetime of publication,impact scansare incompletefor A0114. However,four
impactshavebeenfound in samplematerials. Two impactswerefound on a carbonsample
with 400 A of gold,one wasfound in a solid fusedsilica sample,andone wasfound in a
quartzsamplewith 5000A of silver. Theseimpactsweretypical of thosefound in glassy
rrlaterials,with largespallzonesandcracking.

437



ContinuingAnalysis

Thereareotherexperimenttrays with MSFC co-investigators,suchasA0172 (Effects
of SolarRadiationon Glasses)andM0002(Trapped-ProtonEnergySpectrumDetermination),
but thesewerelocatedon the trailing edgeor the earthend,with very few impacts.

With thesamestereomicroscopesystemusedat KSCduringLDEF de-integration,the
experimentsarebeingmore fully scannedfor impactsastime permitsin the laboratory. The
stereomicroscopehassufficientmagnificationfor ,.0.20 mm diameter and larger impact

craters. Currently, smaller impacts are being photographed using a low-power stand

microscope, but this survey has not been completed. Also, some of the smaller impacts have

been photographed using a scanning electron microscope, but this is not practical for the thin

films and polymeric samples.

CONCLUSION

For the leading edge trays, atomic oxygen erosion and ultraviolet degradation seem to

have had a much greater effect on material properties than meteoroid and debris impacts.

The optical property changes caused by meteoroid and debris impacts are only in small areas

around the impact craters. Mass loss due to impacts is negligible. Maximum power output in

solar cells is comparable in both impacted and non-impacted solar cells. However, impacts'

effect on mechanical properties has yet to be determined. There are valid concerns over

spacecraft protection from meteoroid/debris impacts and penetrations as the amount of space

debris in orbit increases with every launch. Further analysis of the impact flux and damage

should validate current debris models as well as aid applied research in debris protection

systems and impact-resistant materials.
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METEOROID/DEBRIS IMPACTS ON MSFC EXPERIMENTS
LEADING EDGE TRAYS

NUMBER FOUND ON MSFC TRAYS

80

6O

4O

20

TRAYS A08, B 1O, C09

0.,:30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60

CRATER DIAMETER (ram)
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FIGURE I
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Figure 2. Solar cell, -2 mm dia. impact crater, ~5 mm dia. fracture zone
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Figure 3. Tiodize K-17 on titanium, 0.55 mm dia. impact crater, 4.1 x 3.0 mm spall zone
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Figure 4. Aluminum tray, 0.78 mm dia. impact crater, debris spray onto RTV 511 sample

Figure 5.5 mil Silver/Teflon on aluminum, 1.2 mm dia. crater, -4 mm dia. dark spall ring

BLACK " '"
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Figure 6. UV window, 0.20 mm dia. crater, 0.71 x 0.76 mm spall
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HYPERVELOCITY IMPACT MICROFOIL PERFORATIONS IN THE LEO SPACE ENVIRONMENT

(LDEF, MAP AO 023 EXPERIMENT)

J.A.M. McDonnell
and

T.J. Stevenson

Unit for Space Sciences
Physics Laboratory
University of Kent

Canterbury, Kent UK CT2 7NR
Phone: [44] (227) 459616, Fax: [44] (227) 762616

N92-23312

SUMMARY

The Microabrasion Foil Experiment, comprises arrays of frames, each supporting two layers of closely
spaced metallic foils and a back-stop plate. The arrays, deploying aluminium and brass foil ranging from
1.5 microns to some 30 microns were exposed for 5.78 years on NASA's Long Duration Exposure Facility

(LDEF) at a mean altitude of 458 km. They were deployed on the North, South, East, West and Space
pointing faces; results presented here comprise the perforation rates for each location as a function of foil
thickness. Initial results refer primarily to aluminium of 5 microns thickness or greater. This penetration
distribution, comprising 2,342 perforations in total, shows significantly differing characteristics for each
detector face. The anisotropy confmns, incorporating the dynamics of particulate orbital mechanics, the
dominance of incorporating extraterrestrial particulates penetrating thicknesses greater than 20 microns in
aluminium foil, yielding fluxes compatible with hyperbolic geocentric velocities. For thinner foils, a
disproportionate increase in the flux of particulates on the East, North and South faces demonstrates the
presence of orbital particulates which exceed the extraterrestrial component perforation rate at 5gm foil
thickness by a factor of approximately four. Although in terrestrially bound orbits, their origin has not yet
been established exclusively as space debris. Sources and sinks of particulates in the LEO environment are
discussed and improved relationships for conversion to impacting particle mass invoked to derive LEO and
interplanetary mass distributions.

1. MICROABRASION PACKAGE (MAP) - AO 023

1.1. Introduction

Microfoil penetration techniques have been successfully employed as space particulate detectors since
the beginning of space exploration. They offer high sensitivity of detection and yet are rugged and simple.
Early measurements on rockets and satellites are reviewed (McDonnell, 1970) and again some 18 years
later following the development of more reliable techniques and sophistication (McDonnell, 1978). The
sensitivity of foil detectors is achieved by the quality of the foil and its thickness. For example at 5 microns
foil thickness and for a foil defect density of 1 per 10 cm 2, optical scanning (even by the simplest of

techniques such as a well adapted eye over a hght table) yie!ds an effective sensitivity of 10-11g impacting
particle mass (< 1 micron diameter) and a background flux rate of 3.10 -5 m -2 sec -1 for 1 year of

exposure. If such defects are logged or painted out before flight as in the case of LDEF MAP, reliability of
detection is further improved. Combined with the identification of hypervelocity impact features by
Scanning Electron Microscopy (SEM) post-flight examinations, not only can the highest confidence in a
tree space impact be established, but parameters of the particle such as mass or velocity can be inferred
from the morphology. When, further, a second surface is placed immediately behind this foil, a capture

cell is formed. Although marginally penetrating particles cannot be expected to provide ejecta which is
detectable behind the foil, larger particles will penetrate and be retained even without a significant mass
loss. Their matter, shocked through impact, is spread out over a cone of typically + 30 ° and condenses on
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the secondsurfaces; it is thusreadily availablefor e.g. SEM and Energy Dispersive X-Ray (EDX)
spectroscopy. With the use of a windowless detector, light elements including carbon may be studied.
First results of the capture cell technique from a space deployment were reported (McDonnell et al. 1984)
on NASA Shuttle flight STS-3 (Columbia). They showed, however, a flux of particles at some 10-11g
mass considerably lower than that inferred from the Solar Maximum Mission (SMM) surfaces (Laurance &
Brownlee, 1986). More recently this SMM data has seen the benefits of the application of an improved
penelration formula (McDonnell, 1991) in contrast to the initial interpretation of the craters by a formula not
representative of the nature of the materials involved (e.g. Pailer & Griin, 1980).

This picture of the near Earth space environment is now being reshaped by the wide diversity and good
statistics of the LDEF data over its 5.78 years exposure. Complemented by data from time-tagged events
such as the IDE experiments on LDEF (Mulholland et al., 1991) a very powerful base for the potential
understanding of the properties of the flux distribution is available. Objectives of the MAP experiment can
be identified.

(i)
(ii)

(iv)

(v)

Definition of the flux distribution as a function of crater size or perforation thickness,
Determination of the 3-dimensional flux distribution,

Characterisation of the velocity distribution and angular distribution on a detector surface,
Discrimination between particle sources e.g.:
(a) Earth-orbital or interplanetary?
(b) if Earth-orbital, are they natural or space-debris?
(c) if natural, are they asteroidal or cometary?
Particulate chemistry.

We shall, no doubt, find that the answers reveal a mixture of sources since the mixing and comminution
of matter within the solar system and the LEO environment appears to be an essential characteristic of the
equilibrium distribution surrounding the Earth.

1.2. Technique and Experiment Details.

The LDEF Multiple Foil Microabrasion Package (MAP) system comprises a double layer of foils and a
back-stop plate (Schematic Figure 1). The foils are bonded to meshes, in tum bonded to frames, which are
bolted to a base plate occupying (for the NSEW faces) one third of an LDEF tray; the space-pointing array
occupies one half tray. Figure 2 shows a sample of the spatial distribution of impacts on 5lxrn space-
pointing aluminium foil and the effective areas of each frame.

Foils, generally comprising T6 temper rolled aluminium of 99.9% purity, range from 3.5 to 30 lain
nominal thickness. Thinner foils (down to 1.5 _xn of aluminium) are beaten and do contain considerable

defects requiring the discrete post-flight verification of each impact site. For this reason the impacts
tabulated for these foils are shown in parentheses. Rolled brass of 5lxrn nominal thickness was also flown
to permit chemical discrimination of impactor residues from the possible presence of aluminium-rich space
debris.

1.3. Exposure Configuration.

Four (double) frames were deployed on the space end, comprising top surfaces of 5_xn aluminium and
brass for a combination of maximum sensitivity and reliability. Eight frames of varying thickness were
deployed on each of the four faces: North, South, East and West. The exposure configuration of MAP in
orbit is shown in Figure 3. The offset of some 8* to 9°of the East face relative to the orbital motion vector
(LDEF Newsletter May 1991) becomes significant when considering East-West flux ratios and, more
especially, the North-South ratios. We shall see that it is these ratios that critically determine our viewpoint
on whether flux particles are perhaps either orbital or interplanetary, because the access to different detector
surfaces is so critically dependent upon the orientation of detectors. Figure 4 shows the MAP peripheral
tray at recovery and in Figure 5 the space-pointing array (upper right).

1.4. LDEF Orbit Exposure.
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Thetemporalmeanaltitude(H) of LDEF (Figure3) over its entireexposuredurationis calculatedas
458km; thetotalexposuretimewas5.778years(1.822x108seconds).Theorbitalvelocity atthisaltitude,
assumingacircular orbit (LDEF'sinitial eccentricitye = 0.00015)is 7.64km s-1using6371km for the
meanradiusof theEarth(RE); theescapevelocityatthismeanaltitudeis 10.81km s-1. A valueof 185km
for theeffectiveatmosphericheight(ha)isused,basedonatmosphericdragcalculationsonaparticleof 10-
llg, correspondingto thecaptureof atypicalinterplanetaryparticlewithin oneEarthrevolution.Summary
exposurefactorsarelistedinTable1.

Theeffectivesolid angleof a flat plate parallel to the Earth's radius vector is given by [A - 0.5sin(2A)]
steradians, where D (radians) is the angle from the nadir to the horizon (Figure 3). This corresponds to
re/2 steradians effective solid angle for A = rr/2 radians, namely a very low orbit, and r_ steradians for an
unshielded plate. The effective solid angle for a cone of 0 radians half angle from the normal to the surface
is re(1 - cos 2 0) steradians. A is given by sin-l(A/R), where A = RE + ha and R = RE + H (Figure 3). The

mean LDEF effective peripheral tray exposure solid angle (including Earth shielding) is 2.125 steradians.

Concerning exposure, we note that the radius vector of LDEF's 28.5" geocentrically inclined orbit
is swept by rapid precession through a wide range of pointing directions relative to the solar ecliptic, and

can perhaps in the first instance be considered "random". LDEF's orbital plane will have an average
ecliptic referenced inclination of +23.5 ° (the polar declination) with a swing of + 28.5". The space-pointing
end will then be exposed to interplanetary particulates over a very wide range of ecliptic latitudes
throughout its orbit, namely 5:52 °. This angle is further combined with the acceptance angle of a flat plate
detector. We should view therefore the extraterrestrial flux on the Space end as an "average" of all ecliptic
latitudes and longitudes. We also note especially that the Space and West-pointing faces have a very low
probability of interception with Earth-orbital particulates. The West face cannot be impacted by orbital
particulates at all unless they are on eccentric orbits and, further, only if they are near perigee when they
strike LDEF. This excess velocity is required to enable them to "catch up" LDEF and though possible, the
interception probability is low. The effective penetrating flux for the Space and West faces is further
reduced due to the lower velocity of this population.

2. PERFORMANCE AND RESULTS.

2.1. Analysis Methods.

Performance of the MAP experiment, which was entirely passive in nature, was well demonstrated by
the excellent condition of the aluminium and brass foils post flight. Few defects were detected due to
experiment integration, launch or retrieval; in-flight exposure damage was found to be restricted to that of
the experiment objective, impact erosion. Foil thicknesses given in Table 2 were determined by
establishing the weight per unit area from samples of foil retained from the time of assembly to the meshes.
An accuracy of 101xg in mass and some 1% in area measurement leads to an error of typically some 2% in
thickness; this "calibration" leads to significant changes from nominal foil thicknesses. Because of the
small statistical errors in the MAP flux determinations on, e.g. the East facing foils, the data is able to

establish the significance of changes in the slope of the measured flux distribution - an indicator of perhaps
the changing physics of impact or environmental changes. Scanning, performed optically in the first
instance with a computer controlled 3 colour stereo television microscopy system (Paley, 1991), is
followed by SEM and microanalysis using a Philips 525M microscope and PGT windowless EDS system.

Hard copy colour images and digital images are available and are also archived into a database via an
Ethemet network. A Sun workstation is used for feature analysis (e.g. as per Figure 6).

Results presented in this paper are restricted to foils of 5 microns or greater where the defect rate after
pre-flight "painting out" is essentially zero. Sample tests on the hypervelocity characteristics of individual
perforations were performed for quality control purposes, but generally the results presented here are from
optical scanning without discrete impact site examination.

In scanning operations for marginal and larger (supra-marginal) holes, the area of the hole under back-
lighted CCD imaging is established by pixel counting above a threshold light level. Figure 7 shows typical
features. The transmitted light area is compared to a calibration curve determined by holes measured under
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SEM examination. This "photometric" hole size determination is complemented by SEM analysis of the
few very large perforations in a typical distribution.

MAP data - because of the multiplicity of thicknesses involved and the generally high perforation rates

- is comprised of two types of data: (i) the marginal hole count (namely the number of perforations
irrespective of size); this is evaluated and plotted as a function of the foil thickness at the ballistic limit
fmax, and (ii) the perforation size distribution (hole diameter DH) for any one value of foil, fmax. Marginal
fluxes thus determined are shown in Table 2.

The flux distribution @ as a function of fmax, @(fmax), readily transforms to a particle size
distribution _(dp), or mass distribution @(mp) of the same form because fmax/dp is not a strong function of
size of particle. The distribution of DH for an-y value fmax does not, however, so transform. For the latter,
the increase of hole size as a function of increasing particle size shows a rapid "onset" just above the

ballistic limit; thereafter there is a convergence of the hole size DH towards the particle diameter d for dP P
>> fmax- Such relationships have been published by Carey et al (1985) (see Appendix) and more recently
studied by H&z et al (1991). Figures 7(a) to (c) show various hypervelocity impact features on the MAP

aluminium foils ranging from marginal (at the exit side, 6(a) and (b)) and in 7(c) one which is clearly the
record of a very large particle of some 30 microns diameter which continued through to deposit a spider's
web of impacting particulate matter within the capture cell behind.

2.2. Marginal Flux Distributions.

The number of perforations, irrespective of size Dtt, is established first for various thicknesses of foil.
This yields the cumulative distribution _(fmax) for the peripheral faces (N,S,E,W). Because only 5
microns brass and aluminium was flown on the space-pointing faces, a single value for each of the surfaces
is presented. Data is shown in Figure 8 and also that from the Solar Maximum Mission Satellite (Laurance
& Brownlee, 1985). We shall later use the size distribution DH of these foils to generate an interpreted
equivalent distribution (section 2.3) as a function of fraax e.g. Figure 9.

The marginal distribution in Figure 8 shows high definition with, generally, the exception of the West-
pointing faces where counts are low. When these marginal counts are transformed to an actual size
distribution, some of the coarseness of the foil thickness "quantisation" can be removed. Currently a fit
through the West data is used since each point is independent.

We see an interesting divergence in the flux between the side faces of LDEF (N,S) relative to the
velocity vector. As stated these (because of precession) show average exposure relative to the ecliptic
elevations North and South; they might also be expected to be exposed randomly to the satellite-derived
space debris flux. For the small particulates, LDEF's offset of 8* to 9" increases the observed excess of the
south flux relative to the North if true orbit pointing directions are considered. For larger particulates -
shown to be predominantly interplanetary in origin (McDonnell, 1991), this offset correspondingly reduces
the excess of the North relative to South for the penetrating flux at fmax > 20 microns but it remains
significant. Explanations of this North-South asymmetry and its reversal within the MAP sensitivity
regime call for a non-random spatial distribution of dust in Earth orbit, if the fluxes are dominated by
"orbitals". Alternatively, if they are interplanetary a non-random distribution in interplanetary space is called
for. Though precession generally randomizes the satellite population regarding the ascending nodes and
argument of perigee, the geocentric inclination is retained except for the very smallest particles which can be
influenced by the Lorentz force due to electromagnetic coupling of their electrostatic charge and the Earth's
magnetic field. For one particular type of orbit - Molniya - an inclination of some 70" locks the precession
into a stable geocentric relationship from which asymmetry couM result. The IDE experiment (Mulholland
et al, 1991) sheds significant light on the non-random time variations of what, on the MAP experiment, we
see as a total 5.78 year accumulation.

Though LDEF offers unprecedented definition of the 1984-1990 flux, we should compare this to other
data. We take, as one example, the SMM data, but not in terms of inferred impacting mass. The crater
diameter DC is referenced to an expected crater depth by the ratio observed for LDEF clamps (Newman,
1991) giving Pc/DC = .58. We also use fmax = 1.15 Pc (McDonnell 1970), and combining these, fmax =
1.15 x .58 DC = .67 DC. Alternatively we could choose fmax = 1.7 x .58 DC according to Hurnes (1990);
this data from SMM is shown dotted line on Figure 8, and - if a random SMM exposure is simulated by
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some averaging of the NSEW faces of LDEF MAP data - we see that the SMM data and LDEF MAP data
are quite compatible.

2.3. Supra-Marginal Perforations.

Where DH > 0 we have information which can sometimes lead to the clues on the particle size, mass
or velocity. We cannot in general separate out these three parameters explicitly since in general the crater

dimensions are a function of total particle energy at hypervelocities. For particle diameters dp > fmax,
however, we must see a trend towards a perforation comparable to the particle size. The velocity may also
be inferred within broader limits fxom crater morphology. We summarise relevant penetration relationships
used (Appendix) to transform the DH distribution for one foil, the 5pro aluminium space-pointing foil, to an
equivalent thickness of foil which would just be penetrated (Deshpande, 1991). Figure 9 shows this
transformation; it is compared to the crater distribution on the space-pointing clamp analysed at
Canterbury. Though this conversion is preliminary, and no doubt in need of refinement, we see some
convergence. At large dimensions, statistical limits restrict the comparison, but the total LDEF data set
will permit ref'mements of this transformation in due course.

2.4 Ultraheavy Cosmic-Ray Nuclei Experiment (UHCRE - AO178) Thermal Cover Penetration Data.

The 18m 2 area of Fluorinated Ethylpropylene Teflon (FEP) thermal closeout covers show excellent
promise for meteoroid and debris studies. Under agreement between the Principal Investigators
(O'Sullivan et al, 1984), NASA LaRC and ESA, scanning operations were performed at NASA KSC after

recovery and now continue at NASA JSC and the University of Kent at Canterbury, UK. These laminar
foils comprise 120 microns of FEP Teflon, backed by a Silverfl_nconel flash and some 80 microns of
Chemglaze Z306 black paint. The equivalent thickness of aluminium penetrated may possibly be related
using relationships in the Appendix. However this presumes we know the dynamic strengths involved; -
the behaviour of the Teflon under impact is indeed complex and poses one of the more interesting
morphological studies on LDEF. Figure 10 shows optical photographs of sample Teflon penetrations.
They show (on the Silver surface beneath the Teflon) radial light and dark bands corresponding to
variations in the Fluorine/Oxygen ratio. Though akin to "growth rings" it is uncertain whether they are
formed completely at impact or involve a subsequent combination of delamination and the ingress of
powerfully oxidizing atomic oxygen.

As a first sample of the UHCRE data we plot the hole size distribution on faces 10 and 4 from this
experiment (Figure 11); corresponding approximately to an East-West configuration they yield small ratios
e.g. 10 which demonstrates the need for a geocentric particle velocity much greater than LDEF's orbital
velocity, namely from interplanetary hyperbolic sources. This is confirmed by the MAP data at frnax = 30
lxrn and the SDIE data (Humes, 1991).

2.5 Other LDEF data.

We piece together in Figure 12, albeit in tentative fashion, other data comprising that of the
Interplanetary Dust Experiment (IDE - AO201, Mulholland, 1991); LDEF MAP (ibid), the Canterbury
scanning of the UHCRE covers (O'Sullivan et al, 1984) and data from LDEF Meteoroid and Debris Special
Interest Group (M+DSIG) data (See et al, 1990) including the preliminary scanning of the surfaces of the
Humes Space Debris Impact Experiment (SDIE - S0001) performed at KSC after retrieval. We show also
the data from the (West-pointing) French Co-operative Payload (Frecopa) tray (Mandeville, 1990). Data
models for the West and East fluxes (representing approximately minimum (interplanetary) and maximum
(interplanetary and earth-orbital)) have been developed (e.g Sullivan & McDonnell (1991)). This is used
(Section 3) in the reduction of the data to a geocentric (compared to LDEF's orbital) reference frame. The
first step requires comparison of the West and Space fluxes which are both predominantly interplanetary.

We shall later see this larger body of data refined in terms of resolution and accuracy but also in
terms of the calibration i.e. the equivalence of different types of detector such as the IDE solid state SiO2
detectors, the thicker targets of the Teflon UHCRE targets and the aluminium SDIE surfaces. Not all
detectors have a common pointing direction, although we shall see that the IDE, MAP, UHCRE and SDIE
experiments offer the fullest of angular coverage. 447



We also show data from the M+D SIG database, representing the LDEF tray clamp and frame
impact crater counts on either 12 (x30 °) or 24 (x15 °) peripheral pointing directions (Figure 13) (See et al.,
1990). The bias (for these larger particulates) towards geocentric North is seen. Accepting the discussions
in Section 5 which support the interplanetary origin of these particulates, we see this argues for more of the
large interplanetary particulates to be in the descending mode at 1 AU heliocentric distance. This has
implications for the number of sources responsible for the sporadic micrometeoroid flux at some 50 _tm
particle diameter, a size which corresponds to particles responsible for the Zodiacal Light (e.g. Giese et al,
1976). These particulates were found assuming the single velocity (average) model, to have a geocentric
velocity in the region of 17.4 + 3 km sec -1, transforming to a Vo, of 12 + 4 km sec -1 as the geocentric
inferred average approach velocity to the Earth in our initial modelling (McDonnell, 1991) This is
comparable to values derived from meteoroid studies e.g. see Zook 1975 for review. It is interesting to
note that in similar modelling by Zook (1990), quantitative differences are obtained. For given Space-to-
West and East-to-West ratios, Zook's modelling calls for geocentric velocities higher by some 5 km s -1
than ours leading to interplanetary approach velocities of some 19 kms -1. Both modelling approaches
however demonstrate the extraterrestrial (and interplanetary) nature of the large particles.

The transformation of Sullivan & McDonnell (1991) is further applied to the West flux to predict the
East, using a data model developed from Figure 12. This yields a flux lower, by a factor of 4, than the
measured East flux, and calls for the presence of Earth-orbitals; the transformation and discussion is
described in McDonnell (1991) and results shown in Figure 14.

3. MODELLING OF LDEF'S EXPOSURE IN THE PARTICULATE ENVIRONMENT.

In all modelling of the dynamics of particle orbits and interception with a moving spacecraft, the
examination and interpretation of impact/flux data from differing spacecraft attitudes or pointing directions
must be conducted either at constant mass or alternatively at constant crater size. Crater size is, of course,
directly related to the marginal perforation foil thickness.

Flux enhancement at constant mass is the "sweeping-up" effect of the satellite into the particulate cloud
and leads to an enhancement of numbers intercepted compared to the trailing face. A consequential effect of
this, but quite separate physically, is that those particles will also have a different relative velocity for the
two faces, and hence, will upon impact lead to different crater dimensions; because most impact
observations (and observed crater flux distributions) refer to a particular crater dimension, the experiment
detector surfaces receiving greater numbers of particles will yield a flux value which is relevant to smaller
(and invariably more numerous) particles. The latter sensitivity enhancement depends on the size
distribution of particulates which, fortunately, can be deduced from the data.

The approach to this dynamic modelling is described by McDonnell et al (1990), and uses a geocentric
distribution of particle directions at a particular velocity; when combined with LDEFs motion the incidence
frequency (flux) on LDEF's faces and also the impact velocity is calculated. The normal velocity (which
determines the effective velocity for impact penetration) is calculated. The results are applied fu'st to the
West and Space flux, which cannot intercept significant orbital particulates. The transformation is effected
as a function of velocity and a particle velocity is found which leads to best agreement between the West
and Space flux data.

We see in Figure 14 the resultant Earth-orbital component identified, which dominates the East, and
also the North and South fluxes for fmax < 20 lain. This is in contrast to the larger particulates where the
interplanetary component is dominant. We can also transform (McDonnell, 1991) to the expected
interplanetary flux at 1AU beyond the gravitational influence of the Earth. This compares very favourably
with deep space data and meteoroid fluxes (as reviewed by Griin et al 1985), confirming our hypothesis of
the dominant sources of the LDEF impacts.

As to the astrophysical or terrestrial origin of the Earth orbitals, from consideration of the IDE flux and
temporal variations, Mulholland et al (1991) have claimed they are space debris related. A contrary
viewpoint has been proposed by McDonnell (1991) and McDonnell & Ratcliff (1991) where the possibility
of captured interplanetary dust either through aerocapture, and aero-fragmentation capture is discussed. The
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electrostatic disruption of fragile meteoroids near the earth has been proposed as a means of explaining the
groups and swarms of particulates seen by Heos II (Hoffman et al., 1975(b)).

We probably must await chemical evidence before the true origin is ascertained. Although the SMM
data had previously been attributed to space debris and calculated to be some 50 times higher in flux than
the natural component, we see that improved penetration formula lead to the excess being much less
because of the lower inferred mass of these particulates (even though they might comprise space debris).
That data did show their chemistry to be debris-related, but the equivalence of LDEF MAP and SMM flux
data, separated by some 5 years in epoch shows little evidence of a change of flux in a period when activity
might have expected to increase. We shall have to "watch this space" for further developments!
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APPENDIX

Penetration Relationships Used

For thin (micron dimension) aluminium foils impacted by iron particles, we refer to calibration data
established to velocities of 15 km s -1 using a 2 MV van der Graaff accelerator (McDonnell, 1970). This

yields a marginal penetration relationship:

f = 0.79 V 0"763
max

(eq 1)

where V is the impact velocity (km s-1) and fmax (p.m) is the foil thickness penetrated, not referred to the
ballistic limit, but to a value of DH = fmax. In practice, the minimum hole size close to the ballistic limit
yields a value of DH/fmax = 0.6 for iron particles impacting aluminium at velocities of some 5 km s-1 due to
the formation of deeper craters. At higher velocities, the ballistic limit perforation leads to a minimum hole
size which is typically DH -- fmax, although in principle a hole of DH = 0 is (on the limit) still technically
feasible.

The above formula was extended to cover the region beyond the ballistic limit (Carey et al. 1985)
for iron projectiles impacting on aluminium targets namely:

DH = 1 + 1.5 (f/dp) vo.3 [ 1 ]

dp 1 + (f/dp) 2 V -n
(eq 2)

where V is in kms -1 and n is given by,

n = 1.02 - 4 exp(-0.9 V 0"9) - 0.003 (20 - V) (eq 3)
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A formula derived from iron projectiles impacting on gold targets (and hence comparable to low
density meteoroids impacting aluminium, because of the similar projectile-to-target density ratios) was also
derived in the same work:

DH=I + 5 (f]dp) vo.3 [ 1 ]

dp 1 + 7 (f/dp)2 V -n
(eq 4)

The value of n is as above.

These formulae are solved to yield the diameter of impacting particle dp from a given value of DH
and velocity V. The marginal penetration distance is then calculated from dp and V to yield an equivalent
value of fmax. This transformation (illustrated in Figure 9) is relatively insensitive to the velocity assumed.

Neither of these relationships include dimensional scaling, and the fast relationship (eq 1) applies
only to iron projectiles on aluminium. The ballistic limit formula has therefore been generalised by
McDonnell & Sullivan (1991) to yield a relationship applicable to foils over a wider range of dimensions
and for various projectile-target densities and strengths:

= .0.056 pp 0.476 0.134
L 1.023 dp (-) ( OAf ) V 0"664

01, PT OT
(eq 5)

Here, f and dp are in units of cm, the densities, p, are in g cm -3, the velocity in km s -1 and the target
tensile strength, or, in units of MPa. It is to be noted that this contrasts with the dimensional dependence
of the ballistic limit formula of Pailer and Griin (1985) where a very strong dimensional dependence of the
form dp 0.21 is demonstrated compared to a dimensional dependence of the form dp 0.056 in ours and other
work. The formula of Pailer & Gfiin (1985) yields

f 0.2 -0.06 0.73 -0.5 )0.88

dp 0.772 dp I_ PP PT ( V cos

(eq 6)

where e is the target foil ductility and tx is the angle of impact relative to the normal.

This formula (eq 6) however, has been shown to be unsuitable to interpret the SMM data
(McDonnell, 1991) and previously led to an overestimate of the flux of space micro-debris relative to the
natural environment (Lawrence & Brownlee, 1985).

Reference may also be made to other formula commonly used, namely that of Fish and Smmers
(1965):
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£ = 0.57 _.056 E-0.056 ( --PP ) vo.875

% Or

Nauman (1966) developed the relationship:

f d_.056 0.52 V0.875
_= pp

(eq 7)

(eq 8)



and Cour-Palais (1969) used a similar equation, namely:

-. 0.5 V0.67f 0.635 d 0"056 Dp

(eq 9)

All formulae have been converted to the same units as in equation 5. The McDonnell-Sullivan
equation concurs with the more accepted of these relationships at centimetre scale but also has the benefit of
fitting the microscale regime. LDEF's impact record may enable some of these parametric dependencies to
be tested at the more realistic velocities occurring during its 5.75 year exposure.
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Ye_ Altitude H+RE Fraction Horizon

H (km) (kmt ofye_ angle(deg)
1984 478 6849 0.745 106.82
1985 473 6844 1.000 106.68
1986 470 6841 1.000 106.60
1987 468 6839 1.000 106.54
1988 459 6830 1.000 106.28
1989 410 6781 1.000 104.80
1990 340 6711 0.033 102.34

Effective flat plate '
solid angle (ster)

2.141
2,137
2.136
2,134
2.124
2.077
1.995

Table 1. Exposure Factors of MAP
aboard LDEF, giving yearly mean
altitudes and Earth shielding
history.

F,,tce

East
MAP

West
MAP

N6rth

MAP

South
MAP

Space
MAP

Nominal Measured
Thickness (.u.m) Thickness (gm)

# holes Area

(m 2)

5 4.83 435 1.02 x 10-2

12 12.13 49 2.67 x 10-3

14 14.11 73 5.21 x 10-3
18 18.16 104 1.02 x 10-2

25 24.13 40 7.89 x 10-3

30 31.14 21 1.02 x 10-2

3 3.1 (22)

2.5 3.72 (6)
5 4.83 26

12 12.13 1

14 14.11 2

18 18.16 5
25 24.13 11

30 31.14 3

1.5 2.02 (361)
2.5 3.72 (298)

5 4.83 467

12 12.13 22

14 14.11 26
18 18.16 41

25 24.13 38

30 31.14 43

5.33 x 10-3
5.33 x 10"3

2.03 x 10"2

2.67 x 10-3

5.21 x 10-3

1.02 x 10-2
1.81 x 10 -2

2.03 x 10 -2

5.33 x 10-3

1.07 x 10 "2
2.03 x 10.2

5.80 x 10 -3

5.21 x 10-3
1.02 x 10 .2

2.04 x 10.2

2.03 x 10.2

Flux

(m-2s-l)
2.35 x 10 "4
1.01 x 10 -4

7.69 x 10-5
5.61 x 10 -5

2.79 x 10-5

1.13 x 10-5
2.27 x 10-5

6.19 x 10-6

7.02 x 10-6

2.06 x 10-6

2.11 x 10-6

2.70 x 10-6

3.35 x 10-6
8.10 x 10-7

3.72 x 10 -4

1.54 x 10 -4
1.26 x 10 -4

2.08 x 10-5

2.74 x 10 -5
2.21 x 10 -5

1.03 x 10 -5

1.16 x 10 -5

1.5 2.02 (1158) 1.07 x 10"2 5.97 x 10 "4

3 3.1 (218) 5.33x 10"3 2.25x 10 .4

2.5 3.72 (187) 5,33 x 10 -3 1.93 x 10 .4

5 4,83 570 2.03 x 10 -2 1.54 x 10 .4

12 12.13 28 2.67 x 10 -3 5.75 x 10 -5

14 14.11 45 5.21 x 10-3 4.74x 10 -5
18 18.16 61 !.02 x 10 -2 3.29 x 10 -5

25 24.13 23 1.81 x 10-2 7.00x 10 "6

3(1 31.14 13 2.03 x 10"2 3.51 x 10 -6

5 4.83 193 3.10 x 10.2 3.42 x 10 -5

Table 2. Characteristic areas and

detected numbers of perforations of
the MAP deployment on LDEF.
Only the surfaces scanned to date
are shown; for foils of less than 5
microns, penetrations (in
parentheses) are tentative. For foils
of 5 microns or greater. 2,340
perforations are reported.
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Fig. 1. Schematic cross-section of
Microabrasion Package (MAP)
Experiment configuration. The
capture cell system is formed
between the top and second foil
surfaces. By inversion of the
frame orientation differing foil
spacings are achieved.

Fig. 2. Plan view of MAP package
giving effective foil areas and the
distribution of perforations
determined by post-flight optical
scanning.
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Fig. 3. MAP locations (shaded) on
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Fig. 4. Peripheral experiment locations photographed at LDEF retrieval.
second tray up, left of centre) is one of the five such locations. NASA Photo.

The MAP experiment (top of

Fig. 5. Space-facing MAP location at LDEF retrieval. The micron dimensioned foils (upper right tray,
lower hal0 show excellent integrity despite a thermal cycling, totalling some 35,000. By contrast, the
coated Mylar capture cell covers of the other impact experiments and the multilayer insulation of the NRL
cosmic ray experiment (shown in this photograph) suffered considerable degradation. NASA Photo.
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SUPRA-MARGINAL

De

d ! I: \I.t

MARGINAL (AT
BALLISTIC LIMIT)

Fig. 6. Parameters of
hypervelocity impact craters
measured for non-penetrating
impacts in (a)the penetration of
foils and a semi-infinite target (b).
Where DH > fmax the opportunity

to capture material on the second
surface exists. The maximum

thickness a foil perforated fmax is
related to the semi-infinite target
penetration by the relationship fmax
= KPc. K = 1.15 has been
reported for iron particles impacting
on aluminium (McDonnell, 1970)
and alternatively K = 1.5 to 1.7
(Humes, 1991) reported based on
LDEF studies.

(b)
iiim _ima ili,_ ll_ ]4'_-_t-_ 4Kv i00 spot

Fig. 7. Perforations in the MAP aluminium foils showing various morphologies dependent largely on the
particle size and velocity relative to foil thickness. (a) shows the exit side just above the ballistic limit (b) the
exit side for a large impact. In (c) a very large particle, perhaps 30 microns diameter, leads to a 60 micron
diameter perforation and a clear signature for capture cell analysis.
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Fig. 8. MAP cumulative
penetration distributions for 5
pointing directions showing the
number of particles detected.
Statistical errors are largely
insignificant except for e.g. the low
flux West directions. The North-

south asymmetry is significant as
indeed its reversal between large
and small particulates.
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Fig. 9. MAP data from Space-
pointing 5 micron foil plotted as a
function of the hole diameter

distribution DH (dotted line). It is
then transformed using a

penetration relationship (Carey et
al. 1985) to an equivalent foil
penetration distribution (dashed
line) and compared to LDEF clamp
crater data also transformed to an

equivalent foil penetration
distribution (solid line).

Fig. 10. Impacts of the FEP UHCRE Teflon covers showing (a) central pit. and (b) an extended spallation
zone with radial cracks and circular features.
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SUMMARY

The entire LDEF spacecraft was examined by members of the M&D SIG for impact (i.e., craters >__0.5 mm and

penetrations >_0.3 mm in diameter) and related features (e.g., debris, secondaries). During the various detailed surveys

conducted at KSC, approximately 5,000 impact-related features were photodocumented, and their locations measured

and recorded: an additional approximately 30,000 smaUer features were counted. The equipment and techniques

utilized by the M&D SIG permitted the determination and recording of the locations and diameters of the 5,000

imaged features. A variety, of experimental and LDEF-structural hardware was acquired by the M&D SIG and is

presently being examined and curated at JSC.

INTRODUCTION

The Long Duration Exposure Facility (LDEF) exposed several dedicated experiments designed to study the

hypervelocity particle environment in low-Earth orbit (LEO). While most of these experiments were intended to
investigate natural micrometeoroids, a substantial concern regarding the contributions of man-made orbital debris

emerged since the conception of these experiments. These developments made it paramount that LDEF's cumulative

impact history be quantified to the greatest extent possible. Because of the stochastic nature of the bombardment

process, this quantification required that efforts be made to obtain the best statistical information possible from LDEF.

It was realized prior to the retrieval of LDEF that the dedicated meteoroid experiments would not suffice to

accomplish these objectives, and that systematic scanning of the entire LDEF spacecraft would be necessary to obtain

information complementary to, or in addition to, that expected from the dedicated instruments. Issues that would

benefit from this additional information include (1) addressing theoretically predicted variations in the absolute

magnitude of particle fluxes as a function of instrument orientation relative to the velocity vector of a non-spinning

spacecraft in LEO, (2) obtaining statistica//y reliable data for large impactors, which demands analysis of the largest

area-time products, and (3) target-of-opportunity investigations on the dynamic behavior of any number of materials

that may be incorporated in future spacecraft. All of these issues figure prominently in the understanding of collisional

hazards in LEO, and in the characterization of the dynamic properties of both natural and man-made impactors, the

latter ultimately yielding a better understanding of their origins and sources.

To this end, the LDEF Micrometeoroid and Debris Special Investigation Group (M&D SIG) was organized.

Previous experience with the impact record on planetary surfaces and retrieved spacecraft components (e.g., Solar Max)

revealed the somewhat subjective nature of simple crater counts. Thus, it was decided that a limited number of

experienced individuals would be best suited to perform the global LDEF survey in a systematic and internally

consistent fashion. This group (e.g., the M&D SIG "A-TEAM") resided at the Kennedy Space Center (KSC) during the

entire LDEF deintegration (i.e., February through April, 1990). The A-Team optically scanned and photodocumented

all exposed LDEF surfaces (i.e., measured and photographed approximately 5,000 individual impact events) for impact-

related features (Le., craters _>05 mm and penetrations >_03 mm in diameter, as well as other related features [debris,
secondaries]), and identified and secured surfaces of special interest. The long-term curation of these materials and all
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documentationwassubsequentlytransferredto theJohnsonSpaceCenter(JSC),whichis responsiblefor openand
continuedaccessto thesematerialsbyqualifiedinvestigators,andfor maintaininganup-to-datedatabaseof LDEF
impactdata.

Thisreportisabriefsynopsisof the A-Team activities at KSC. It summarizes a detailed report published earlier

(1), and discusses post-deintegration activities of the M&D SIG at JSC. A companion paper (2) presents some first-

order observational results extracted from the extensive database generated during the KSC documentation efforts. It

is hoped that this synopsis provides some background and context to ongoing LDEF studies and that it introduces the

uninitiated reader to the significance and unparalleled opportunities afforded bv LDEF to improve our understanding
of cosmic dust and orbital debris.

IMPACT FEATURE CHARACTERISTICS

Diameter Measurements

The two primary reasons for making diameter

measurements of craters/penetrations at KSC were to (1)
determine if the minimum feature-size criterion had been met

and (2) develop a first-order database for feature sizes and

locations. Ultimately, it is the goal of the M&D SIG to report
diameter information which reflects the feature's diameter at

the original target surface (De). At KSC, diameter
measurements were made directly from video monitors because

no reliable and practical technique was available to measure the

diameters in real time at the target surface. By using this video

technique, attempting to measure the diameter at the level of

the original surface would have been a very subjective process.
KSC measurements, therefore, were made from rim-crest-to-

rim-crest (Dr) on opposing sides of the feature because (1) such
locations were easy to determine and (2) subjective error was minimized.

illustrated in Figure 1.

KSC (Dr)
iq

JSC <Do)

, ,,l

Figure 1. Diagram illustrating the relationship bctw_n the

estimated diameter (Dr) and the actual diameter (De).
i i

The difference in these diameters is

To ensure that all operators measured approximately the same diameters, measurements were made of a stage

micrometer at the four predefined (i.e., click-stop) magnifications in order to generate a set of correlation graphs which
permitted diameters measured on the video screens to be converted to the estimated feature diameters. Feature

diameters were estimated to the nearest 0.01 mm using these conversion graphs. However, because there were several

possible sources of error in the measurement techniques employed, the reported diameters are given only to the

nearest 0.1 ram. This represents the level of accuracy that could realistically be expected from the measurement
techniques and the large number of system operators contributing to the M&D SIG database.

The majority of impact features on LDEF were located in metallic surfaces, were symmetrical and possessed raised

rims. For these features the measured diameters were the rim-crest-to-rim-crest diameter mentioned above (Figures

2a-2c). For craters and penetrations not possessing a raised rim, measured diameters reflect the edge-to-edge distance

between opposing sides of the feature (Figure 2d). For most penetrations in the A0178 thermal blankets, the measured

diameters equal the center-of-lip-to-center-of-lip distance between opposing sides of the raised Teflon lips (Figure 2e).

Lastly, for rimless craters in glass or brittle materials, the measured diameters equal the distance from opposing sides of

the residual crater or central pit of the structure (Figure 2f).

Elliptical features that had major- and minor axes that varied by >_10% (Figure 2g), and highly-oblique (£e.,

extended tear-drop shaped; Figure 2h) features were measured along both axes. Accurate measurement of oblique

features was often complicated by the poorly defined, diffuse boundaries of the impact-affected area. Their
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dimensions were measured between the furthest points of altered surface material discernible under optical

magnification.

I D ,(A) (B)

Df
(C) "*==*

la4

D

(D)

Figure 2. q_pical impact feature structures and associated diameter measurements. (A)
Cross-section of a typical crater with symmetrical rim and overturned lips, (B) Top view
of [A], (C) Cr_s-section of a penetration with symmetrical rim and overturned lips, (D)
Cross-seclion of a penetration without rims, (E) C.ross-section of a penetration -- wilh
collapsed rims -- through a single-layer thermal blanket, (IF) C.ross-section of residual
crater (i.e., central pit) in glass or brittle material. (G) Top view of elliptical crater, and
(H) Top view of highly elliptical, extended tear-drop shaped feature.

Morphology

Metals

Approximately 75% of the exposed
surface area on LDEF consisted of coated or

uncoated aluminum alloys. All experiment-

tray flanges (i.e., tray tips), tray clamps

(except for a few), and the structural
members of the LDEF frame were
constructed from chromic-anodized 6061-T6

aluminum. The same aluminum was used in

the fabrication of the space-end thermal

panels, space- and Earth-end dummy plates,

grapple-fixture trays, experiment
environment control cannisters (EECC), a

variety of experiment-frame structures, and

the experimental surfaces of the 25 whole or

partial S0001 experiment trays. The Earth-

end thermal panels were anodized by a

slightly different process which resulted in
their black color. Structural members which

were held together with 303 stainless steel

bolts. In addition, a variety of small

uncoated metal samples were exposed as

part of several experimental packages.

Most craters in uncoated metal surfaces

were symmetrical in shape and possessed

raised rims (Figure 2a and b), while only a

small percentage exhibited asymmetric rim

shapes or were elliptical (Figure 2g). Several

dozen highly elliptical features (Figure 2h)
were found on the black Earth-end thermal

panels. These latter, extended tear-drop

shaped features possessed semi-minor axes

of <0,5 mm, while the semi-major axes were commonly >1.0 mm. A few similar features were found in various
locations around the spacecraft. Several multi-cratering events were found on metal surfaces. These unusual and rare

impact features consisted of tens to hundreds of smaller craters lining the bottom and walls of the host crater formed by
the overall event.

Penetrations through metallic surfaces, such as the foils of the A0023 experiments, and a few large penetrations

through 1.6 mm thick alun_num exhibited the general symmetrical hole and rim shapes depicted in Figure 2c. Thinner

foils possessed correspondingly narrower rims that were not always evident when viewed under the microscope system.

However, hole-diameter measurements were easily made for these features regardless of the rim width.

Coatings on some metal surfaces ranged from several microns to approximately 75 to 100/zm layered (e.g.,

Teflon/silver/adhesive) coverings on several experimental surfaces (e.g., S1005 and S0069). Between these extremes
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weremanypaintedaluminumsurfaceswhichhadavarietyof primerandtopcoatstotalingapproximately25to 50/zm
inthickness.

Impactsinaluminumcoatedwithsilvered-Teflonwereevaluated differently than features found in other coated-

and uncoated metal surfaces. Since the coating was relatively thick (75 to 100/zm) the impacts were treated as if they

had occurred in Teflon foils. Impacts in these surfaces produced a penetration/melt hole and a shock delamination

zone in the Teflon that commonly extended tens of hole diameters around the penetration, as well as areas of black

discoloration partially around some features. In most cases there was a small crater in the underlying aluminum.

Larger craters (e.g., >0.5 mm) in painted metal surfaces were often surrounded by spaU zones extending outward

for several crater diameters. Multilayered spall zones extending radially for tens of crater diameters were frequently

encountered on aluminum coated with several layers of paint.

Glasses and Brittle Materials

Several square meters of surface area on LDEF were occupied by glass that included solar-cell covers, metal-oxide-

silicon (MOS) capacitor-type detectors, and hundreds of small glass and crystalline samples. In addition, there were

several experimental surfaces which utilized glass or crystalline materials as covers or windows. The morphologies of

impacts into such materials depended on the physical properties of the individual material. In general these materials

behaved brittlely and exhibited several, if not all, of the following characteristics: rims, spaU zones, fracture zones,

and/or extended fracture zones (Figure 20 .

The extent of the spall and fracture zones, and the presence or absence of a rim around the crater or penetration

were the major differences among impacts in these materials. When rims were present, or when there was a

penetration hole without a rim, feature diameters were measured as discussed earlier. Rimless craters were common in

these materials; for such features the residual-crater (i.e., central-pit) diameter (Figure 2t") was measured and reported.

Solar-cell cover glasses exhibited more complex, local fracture zones and fewer extended fractures zones, while
smaller spall zones were found around impact sites in crystalline substrates. Occasionally, the fracture zones extended

tens of crater diameters to the edges of the glass or crystalline substrate. In general, spall zones were relatively large,

which may account for the absence of rims. In cases were the central pit was indiscernible (due to dislodged materials),
the spall-zone diameter was recorded.

Po iyme rs

Impacts into relatively thick polymers that were not subjected to extensive atomic oxygen erosion possessed the
same general morphology as impacts into uncoated ductile metal surfaces. Diameter measurements were made using

the criteria described above. The few impacts in thick polymeric surfaces which were subjected to significant atomic-

oxygen erosion (e.g., G21 and G23 leading-edge reflectors) appeared worn and ill-defined. The diameters of these
features were determined from the residual rims or craters.

Seventeen peripheral trays were covered with Scheldahl G411500 thermal blankets (STB) consisting of an outer

layer of FEP Teflon (-125 _m thick) backed by a layer of silver/inconel (200 to 300 ,_, thick), which in turn was backed

by DC1200 primer and Chemglaze Z306 black conductive paint (80 to 100/zm thick). The major difference between
impacts in the STBs was the presence of a collapsed or an uncollapsed rim around the site. Most impacts produced

variable delamination zones, some of which extended radially up to tens of penetration-hole diameters. Penetrations

were generally surrounded by one or more (whole or partial) rings that varied in size and color. In general, rings were

more pronounced around events on the leading-edge, as opposed to their trailing-edge counterparts.

Impacts into laminated polymeric films (e.g., Kapton specimens on A0138) produced craters and penetration holes

with the general structure described above, but also exhibited delamination zones, each of which appeared as a bubble
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betweenlayers.Fiber-reinforcedlayered plastics exhibited less extensive delamination zones, and frayed fibers were

often noted overlapping the penetration holes.

Composite Structures

Several experiments exposed composite materials consisting of layers of carbon, glass, and/or Kevlar woven fibers
laminated with resin binders. Impacts in such materials generally resulted in rimless features, while impact-induced

damage commonly took the form of broken fibers and missing binder from the affected volume. Remnant fibers were

often found extending over the area of excavated binder material which complicated feature location and diameter

measurements. In some cases the diameter of the affected volume increased with depth. This effect appeared to be a

function of the composite's density, layering style, layer spacing and fiber type. SpaU zones, which generally extended

only a few crater diameters, were common around impacts in layered composites and were defined by areas where the

binder had been disrupted and/or ejected. Delamination-type zones were present around many large impacts that

extended a few crater diameters beyond the spall zone. Images were extremely difficult to record on composite

surfaces due to the overlap of broken fibers and the generally low albedo of such materials.

Multilayer Thermal Blankets and Structures

Several square meters on LDEF were covered with multilayer thermal blankets (MTB) or other multilayered

surfaces. Most MTBs consisted of approximately 5 w.m thick layers of aluminized Mylar separated by approximately

100/zm thick Dacron netting. One MTB in Bay B10 (S1005) consisted of 8 to 10 layers of approximately 5 _m thick

aluminized Mylar separated by Dacron netting and encased with an outer covering of Teflon-coated fiberglass (beta

cloth). Additional multilayer structures covered experiments in Bays B04 and D10 (A0054) and consisted of an outer

layer of aluminized-Kapton followed by bonded layers of conducting epoxy, aluminum, non-conducting epoxy and
Kevlar.

Large impacts in MTBs produced "normal" penetrations through the exterior layer (Figure 2c and 2d), followed by

successively larger holes in subsequent layers caused by expanding debris clouds. However, the bottoms of such
features were rarely visible in the assembled MTB if the overall event effected more than two or three blanket layers.

In all cases the catalogued hole diameter refers to the outer foil.

Impacts in the materials similar to beta-cloth were, in many respects, like penetrations in the fibrous-composite

materials. The dominant observable impact-induced damage was the rupture of the fibers that commonly overlapped

the penetration. It was not possible to see beneath the beta-cloth layer of this MTB type. In addition, as a result of the
strand diameter (-200/_m) and weave spacing, it was difficult to detect very small impacts into such surfaces. All

impact events detected in beta-cloth surfaces were photodocumented, and their diameters measured from the apparent

edges of the disrupted fibers on opposite sides of the site.

Impacts in the A0054 multilayer structures resulted in events which affected differing numbers of layers of the

laminated substrate. Feature diameters were measured from the center points on opposite sides of the crater rims, as

shown in Figure 2c. A variety of delamination and spail zones, and areas of rolled back foil were present around several

of the large impact sites.

LDEF SURVEYS

Following Columbia's rendezvous with LDEF on January 12, 1990, the M&D SIG performed various inspections

and surveys of the spacecraft. Cursory inspections were conducted from JSC by monitoring the recovery on closed-

circuit television, and by examining photographic negatives of the LDEF on-orbit documentation. The next inspections

occurred in the Orbiter Processing Facility (OPF) prior to LDEFs removal from Columbia's payload bay at KSC, and

during the transfer of LDEF from the payload canister to the LDEF Assembly and Transportation System (LATS) in

the Operations & Checkout (O&C) building. All detailed surveys occurred following LDEF's arrival at the Satellite
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AssemblyandEncapsulationFacility.2 (SAEFII), where LDEF was completely deintegrated. Detailed examinations
included the (1) Bolts, Clamps, Shims and Experiment Tray Flanges/Lips Inspection and Bolt Orientation Survey, (2)

General Experiment Tray Front- and Backside Survey, (3) Detailed Experiment Tray Survey, (4) Thermal Panel

Inspection and Bolt Orientation Survey, (5) Detailed LDEF Frame Survey and (6) Detailed Thermal Panel Survey.

On-Orbit Survey

The initial spacecraft survey was conducted by the LDEF Inspection Team, which included an M&D SIG member,

monitoring Columbia's downlink video and audio signals at JSC during the retrieval operations on January 12, 1990.

Significant M&D SIG-related observations made during this survey included (1) the A0187-2 thin-foil samples which

were partially detached and rolled up, (2) the A0187-1 clamshells being open, and (3) dark circular features on the
A0178 thermal blankets.

The second survey involved viewing the first-generation negatives of the on-orbit LDEF photography taken by the

STS-32 crew. The astronauts were present, which provided an opportunity to ask about their personal impressions and

observations of the LDEF spacecraft. According to the astronauts, LDEF continued to generate debris throughout the

mission following its retrieval, especially during crew exercise periods.

Orbiter Processing Facility Survey

The next opportunity to examine LDEF was after Columbia (containing LDEF) had been ferried to KSC and

moved into the OPF. On January 31, 1990, the LDEF Inspection Team monitored payload deintegration operations

for possible movement-related damage. LDEF was still located in the payload bay at that time so only Rows 1, 2, 10, 11

and 12 were completely visible; portions of Rows 3 and 9 were partially visible. This survey identified the circular

features on the A0178 thermal blankets as relatively small penetration holes surrounded by substantial dark-colored
rings.

Prior to removing LDEF from the payload bay, LDEF's trunnion pins were surveyed for impact features which

would have been damaged during installation of the trunnion-pin caps. No such features were found at that time, nor

during later detailed surveys. After LDEF was removed from the shuttle and placed in the payload canister, OPF

personnel retrieved various LDEF materials from the payload bay including an approximately 10 x 10 cm solar panel.

Operations & Checkout Survey

After leaving the OPF, LDEF was moved to the O&C building were it was transferred from the payload canister to

LATS on February 1, 1990. Again, the LDEF Inspection Team was present to monitor operations. Once it was in

LATS, much of the spacecraft could be surveyed at a reasonable distance for the first time. This survey permitted full

access to Rows 3 and 9, as well as to Rows 4, 5, 7 and 8. The primary observation made during this survey dealt with the

generation of a large number of thin (-0.1 _m thick) aluminum-foil contaminants (primarily from Tray F09). These foil

flakes were found floating in the air of the O&C building and, later, became a major source of contamination in SAEF
II.

Bolt, Clamp, Shims and Experiment-Tray Flanges/Lips Inspections and Bolt-Orientation Survey

Preceding LDEF deintegration in SAEF II, the M&D SIG conduct an inspection of all bolts, clamps, shims and

experiment-tray flanges to identify impact-related features which could be damaged by (1) experiment-tray cover

installation, (2) clamp and experiment tray removal and (3) placing the experiment trays within the experiment-tray

rotators. In addition, the M&D SIG had planned to record the orientation of those clamp bolts that possessed impact-
related features, but, at the request of the LDEF Project Office, this effort was expanded to include every clamp- and

thermal-panel bolt on the entire spacecraft.
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On February. 5, 1990, an M&D SIG member crawled underneath the spacecraft (Row 6) to inspect the areas where

the jacks would be placed to lift the spacecraft into its rotatable configuration. This was the first opportunity, to view
Row 6 at close range, and no unusual features were observed.

Several pieces of hardware were removed from the spacecraft prior to the first detailed M&D SIG surveys. These

pieces included the two Earth-end trunnion-pin scuff plates, the Earth-end walking beam and trunnion pins, and

thermal panels G19 and H19. In addition, the layered thermal blankets of M0001 (i.e., Bays H03 and H12) were

removed or taped down by the PI so that LDEF could be rotated without causing further damage to these surfaces.

However, all of these items were examined prior to or following their removal.

The first systematic survey was conducted one row at a time over the three-day period of Februa_ 20-23, 1990, by

two teams, each consisting of a person scanning and measuring, while the other recorded the data. The bolt-orientation

information and other data were recorded on specially prepared bay maps. After labeling the bay maps, the orientation

of all clamp bolts was recorded. Next, the clamps, clamp bolts and tray flanges were examined for impact-related

features which could be damaged during tray deintegration, and, if found, their locations were recorded. Lastly, a small

section was cut out of each tray-cover gasket in those places that would have come into contact with these particular

features; the actual gasket cutting took place in the outer air-lock of SAEF II. Only a small section of the gasket was

removed (i.e., inner, central or outer) so that the gasket could still seal against the tray flanges. Once the gasket was

trimmed and cleaned, the cover was attached to the appropriate tray by Ground Operations personnel. During tray

removal, Ground Operations personnel consulted these bay maps to determine if special tools or handling procedures

were required. The original bay maps now reside in the Curatorial Facility at JSC.

General Experiment Tray Front- and Backside Survey

The M&D SIG performed several inspections of all experiment trays. The first was conducted while each

experiment tray was suspended from an overhead crane and concentrated on impact-related features that could be

damaged by placing the tray in a rotator stand. The front and back of the tray flanges were searched for impact-related

features (e.g., craters, bulges, spallation effects); if found, such features were photodocumented before placing the tray
in the rotator. In addition, the back surface of the tray was examined for unusual features (e.g., spallation, outgassing

stains, discoloration). Survey results were entered in logbooks which now reside in the JSC Curatorial Facility.

Following this survey, the trays (except for the S0001s) were placed in one of the Langley Research Center (LaRC)

or JSC rotators for examination, photographic documentation and ultimate instrument deintegration. Trays were held

in the rotators either by two pairs of aluminum angles squeezing the side tray flanges (LaRC rotators), or by clasping

the flanges between six sets of aluminum plates (JSC rotators).

Detailed Experiment Tray Inspection

The M&D SIG set-up three work stations in SAEF II to conduct their detailed examination and documentation of

all LDEF hardware. Each station was equipped with a Coordinate Registration System (CRS), a Stereo-Microscope

Imaging System (SMIS) and a complete computer system. Stations/Systems 1 and 2 were used primarily for
documentation of entire experiment trays, while Station/System 3 was used mostly to document miscellaneous

hardware (e.g., bolts, clamps, reflectors, walking beam, scuff plates).

Suspected impact features that met the minimum size requirements, or smaller features that exhibited some
interesting characteristic (e.g., associated debris) were visually identified on the experiment tray or subcomponent

surface and their coordinates determined. Impact-feature coordinates were recorded to (1) assure the ability to

relocate features and (2) document location information which would permit plotting and analyses.
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TheCoordinateSystem

With the exception of a few miscellaneous pieces of hardware (e.g., walking beam, scuff plates), all X-, Y- and Z-

coordinates were measured (in millimeters) in a Cartesian coordinate system from a standard (0,0) reference point that

was assigned by the M&D SIG. Unusually shaped hardware was assigned unique (0,0) reference points that are fully

described by See et al (1). For such components a Cartesian grid was partially abandoned in favor of a more

appropriate system (e.g., a radial Y- and a linear X-coordinate).

The location of the (0,0) reference point for experiment trays was defined to be the lower-left comer at the

intersection of the left and bottom tray flanges. For all but few trays, a physical reference mark was placed on the

bottom of the left flange where the flange curved 90 ° to form the inner-flange wall. For small subcomponents (e.g.,

clamps, bolts and shims) no physical marks were made on the hardware since their positions relative to (0,0) are readily
reconstructible.

The M&D SIG standard orientation for each component is the orientation it possessed at the time of
deintegration from the spacecraft. For Bays A01-F12 the "up" direction, or top flange (facing the spacecraft with the

Earth-end to the left and the space-end to the right), was the long flange closest to the next lowest row number on

LDEF. Similarly, the top flange of each Earth- and space-end tray was defined as the flange that was at the top of the

tray as it was positioned for deintegration from LDEF.

Coordinate Registration System. Three electronic coordinate registration systems were fabricated from electronic

linear spars (Mitutoyo ATllN) that had been mated to high-precision sliding tracks normally used on drafting tables

(Vemco V-track 630), and fitted with adjustable-height spotter scopes. The upper and lower lenses of the scopes were

etched with a crosshair and 1.0 mm circle, respectively, which helped to minimize parallax errors by allowing the

crosshairs to be reliably positioned in the center of the circle. The signals from the electronic spars were displayed on a

digital readout unit (DRO; Mitutoyo ALC-EC). Each CRS was paired with one of the three LaRC rotators. CRS
precision was measured to be ±0.2 mm over a 100 cm distance, while the overall accuracy was determined to be within
±0.5 ram.

Manual Coordinate Registration Systems. Experiment trays that arrived in the M&D SIG area on a JSC rotator

could not use the CRS due to the rotator's tubular-frame design. In addition, aU S0001 trays (except B08) were

documented in the horizontal position on either a workbench or rollable table, precluding the use of a CRS. In such

cases, and in other instances (e.g., on small subcomponents and on the frame), a metric tape measure or scale was used

for determination of feature coordinates. The relative accuracy of manually determined coordinates was

approximately ±2 mm for small components. On large and/or complex surfaces (like an irregular thermal blanket), the

relative accuracy of manually determined coordinates varied. The overall average is believed to have been ---5 ram.

This higher value is due to (1) the reproducibility of measurements using the tape measure or scale, (2) the

requirement of no physical contact with LDEF surfaces, and (3) the different personnel who participated in the
documentation efforts.

Surveying Procedures

As a tray entered the M&D SIG area, it was moved to the first available station (generally System 1 or 2) and the
tray was cover removed by Ground Operation personnel. A CRS was attached to those trays mounted on an LaRC
rotator by affixing the X- and Y-scales to the rotator.

Surveying was generally conducted by two-person teams (one surveying and one recording the information in a

logbook). First, a (0,0) reference mark was placed on the tray flange (see above) and, if a CRS was used, the spotter

scope was moved to the (0,0) reference mark and the X- and Y-LEDs of the DRO zeroed. Next, the coordinates of any

fidueial marks on the component surface were recorded. On A0178 thermal blankets; a cross (+) was marked on the

top and bottom of each blanket third and their positions recorded. In addition, on these and several other trays, the
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coordinatesof theleft,centerandrighttray-coverboltholeson the top and bottom tray flanges were determined and
recorded.

Actual documentation of impact features occurred in two discrete steps: first, by naked-eye inspection and second,
by detailed microscope characterization. The operational goals of the naked-eye inspection were (1) to identify all

impacts visually detectable to obtain their cumulative number, (2) to identify, candidate features for detailed

documentation (i.e., craters >0.5 mm and penetrations >0.3 mm in diameter) and record their exact locations, and (3)

to identify/record any unusual features that would deserve special attention or documentation. Feature diameters were

conservatively estimated during the naked-eye inspection to assure that all features meeting the established size criteria

were ascertained. Features that did not unquestionably fall into either the "too small" or "to-be-documented"

categories were entered in the logbook as "borderline". Further sorting of these latter features was made via the

detailed microscope examination.

After surveying the entire tray, the SMIS was brought in for detailed examination and diameter determination of

all indexed features. If the feature was determined to be of sufficient size, or exhibited some particularly interesting

characteristics, it was documented by acquiring a digitized stereo-image pair of the object. Each image was combined
with alphanumeric identifiers and other comments that were entered via a portable computer (e.g., bay location,

experiment number, component number, the X,Y-coordinates, magnification, rotator number, optical-disk number,

and up to 130 characters of comments) and stored on two separate laser WORM (Write Once, Read Many) drives.

This redundancy, was undertaken to assure that no data would be lost due to the failure of a storage drive, or as a result

of damage to a disk.

Following photodocumentation the tray was released by the M&D SIG and the tray cover replaced by Ground
Operations personnel. All sixteen A0178 trays and the Seeds in Space tray (P0004/P0006) were returned later for

trisecting, removal and packaging of the thermal blankets (see below). The original survey records and digitized image
files are now located in the Curatorial Facility at JSC. The images are currently being analyzed for depth- and more

accurate diameter information (see below).

Thermal Panel Inspection and Bolt Orientation Survey

The second on-spacecraft inspection was conducted on March 29, 1990, to identify impact-related features found
on thermal panels, reflectors, and thermal-panel bolts that could be damaged by its removal. Similarly, the orientation

of all bolts securing this hardware was documented using the procedures described earlier.

Detailed LDEF Frame Survey

The final on-spacecraft inspection was carried out between April 2-11, 1990, following the removal of all of the

experiment trays and thermal panels. The purpose of this survey was to identify and photodocument impact-related

features on the longerons and intercostals of the LDEF frame. During this particular survey all other activities within

SAEF II had to cease, because walking on the cement floor was often sufficient to induce unacceptable vibrations into

the SMIS that were located on a fiat-bed trailer. Therefore, surveying and photodocumentation of the frame required

dedicated operations between 5:00 pm and 3:00 am. A Balimore (i.e., roLlable scaffolding) and the Ground Operations

deintegration platform had to used to document features on the space- and Earth-end, respectively.

As a result of the difference in length between the 9.1 m LDEF spacecraft and the approximately 6 m flat-bed

trailer, the frame survey was conducted in three phases. During phase one Bays A-F were completely scanned

(including the interior of frame components) and the coordinates of applicable features recorded. However, only Bays
C-F and part of the Bay B longeron could be photodocumented. As a result of the approximateiy 61 cm vertical motion

limits of the SMIS on the trailer, LDEF had to be rotated approximately 15 ° on LATS in order to completely

photodocument an entire bay. Once photodocumentation of all accessible features was completed, the trailer was
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rolledforwardto permit phase two photodocumentation of the remaining features in Bays A and B. Phase three

involved scanning and photodocumenting the space- and Earth-ends of LDEF.

Coordinates for documented features were determined with a metric tape measure from the corner located directly

behind the experiment-tray (0,0) reference point. Craters <0.5 mm in diameter were not photodocumented unless

there was some interesting characteristic associated with the feature (e.g., secondaries, debris), but their cumulative

numbers were counted as in the tray operations described above.

Detailed Thermal Panel Survey

The detailed survey and photodocumentation of the thermal panels were carried out on several workbenches. The

(0,0) reference point was assigned to the lower leftmost corner or angle of each panel. Coordinates for features

identified during the initial survey were determined with a CRS that had been attached to each workbench, while the

coordinates of any features added during the detailed microscopic examination were measured with a metric tape

measure. A positive Z-value was assigned to features residing on the small row-facing strip of each panel. Horizontally

configured microscopes (Systems 1 and 2) were utilized to photodocument the space- and Earth-facing components of

each panel, while System 3 (vertically configured) was alternated between stations to document the row-facing strips.

The detailed examination of the thermal panels revealed the apparent bimodal distribution of some highly oblique,

extended tear-drop shaped features (Figure 2h); such features were common on the black Earth-end thermal panels,

but were apparently absent on their space-facing counterparts. These features were found on both the Earth-facing

and row-facing components of about 75% of the Earth-end panels, appearing as little more than scratches in the black
panels, but were determined to be impact-related following SMIS examination. No dominant directionality was noted

for these features. A re-examination of one space-end thermal panel at the Langley Research Center did not reveal the

presence of similar features on that particular panel. However, a detailed microscopic scan of several space-end

thermal panels is being conducted at LaRC in search of these highly-oblique features.

IMAGING PROCEDURES

Description of Equipment

Each SMIS consisted of a Wild Leitz M8 stereo-microscope body with four click-stop magnifications (6X, 12X, 25X

and 50X) and could be fitted with one of four objective lenses (350 ram, 0.4X, 1.0X and 1.6X). A beam splitter was

placed between the M8 body and the binocular eyepieces which directed 50% of the incoming light to the eyepieces and

50% to the CCD (or 35-ram) camera systems. Attached to both sides of the beam splitter were CinefI'V tubes, on each

of which was attached a custom camera adapter housing an eyepiece (10X, 20X, or 32X). These adapters were specially

designed to interface with either the Nikon F3-HP 35-ram cameras or the Sony XC-711 CCD video cameras.

Illumination was provided by a Volpi Intralux 6000 Fiber Optic, Cold-Light Illuminator and transmitted to the
imaging/viewing area by fiber-optic cables. The light source was an Intralux 6000, 20-volt 150-watt tungsten light bulb.

Objects were illuminated by one of three fixtures: (1) a pair of Volpi two-branch flexible "gooseneck" light pipes with
focusing lenses (for directional and long-distance lighting), (2) a Volpi ringlight (for 360 ° uniform lighting) or (3) a

Volpi _Hydra" light-pipe system (four directional and distance-adjustable lights).

The microscope/camera system was attached to a microscope carrier that was connected to a fully articulated floor-

stand. The floor stand consisted of a rolling/lockable base with an approximately 1.2 m tall center post, on top of which

was mounted a hydraulic counter-balanced, vertical motion and stability arm (-0.9 m long) which could be rotated 360*

in the horizontal plane at both ends. Connected to the counter-balance arm was an approximately 30.5 cm long pin-

stopped arm that permitted rotation to six preset positions (15 ° , 30 ° , 45 ° , 90 ° , 180 ° and 270 ° ) in the vertical plane.
Attached to the pin-stop arm was another 360 ° rotation joint, followed by another pin-stop arm. This final pin-stop arm

was affixed to the microscope carrier which could be rotated about 235 ° horizontally around the pin-stop arm. The
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integrated system provided complete mobili_ and permitted the microscope to be moved to virtually any position at

heights ranging from approximately 0.8 to 2.1 m.

CCD output was carried by standard BNC cables to the computer system for digitization and data storage. The

computer system consisted of an NEC Portable Powermate 386 SX computer containing Data Translations DT2871

and DT2869 frame grabber/digitizing and encoder/multiplexer board, respectively, and a Storage Dimensions WORM-

drive controller board. Images were displayed on two Javelin CVM-13A video monitors and stored on two Storage

Dimensions MAXTOR LS800AT-E External Laser WORM drives using Maxtor 5.25" (13.3 cm) OC-800 optical-disk

cartridges (400 megabytes per side) that hold approximately 490 images per side. The left CCD camera was fed directly

into the encoder/multiplexer that passed the signal to the digitizing board, from which the digitized image was fed back

through the encoder/multiplexer to the left monitor. The right camera signal was split between two lines, with one line
interfacing with the encoder/multiplexer and the other feeding directly into the right monitor (Le., the right monitor

always displayed a "live" image). Digitized images (left or right) were always displayed on the left monitor.

Lockheed personnel developed the software used to control the integrated SMIS, and permitted the operator to

input various information (e.g., bay location, component type and number) for each feature. This software also

interfaced with the digitizer/frame-grabber software (Aurora Library SP0225CN) and WORM drives to provide user-

friendly operations through a single, menu-driven package. Based on the bay location and the component type, the

software assign a unique feature number (in ascending order) to each image pair. The image side (left or right),

component type and number, feature number and bay location were used to create the file names for each image. For

example, the right image of an integrated experiment tray's (component E00) third feature (0003) from Bay D08 would

be given the file name of "RE000003.D08 ", while the left image would be assigned "LE000003.D08". All user input, plus
the file name was added as a single identification line, along with the WORM disk number and side (A or B), at the

bottom of the digitized image. AdditionaLly, two 65-character comment lines were added below the identification line.

Description of Operations

SMIS imaging began on February 4, 1990, and was conducted in one of two modes, horizontal or vertical. The

vertical mode (Systems 1 and 2) was used for imaging experiment trays on the rotators and for documenting the LDEF

frame, while the horizontal mode (System 3) was utilized during documentation of certain experiment trays, bolts,

clamps, shims and other hardware on workbenches. During the frame survey, Systems 2 and 3 were used in the vertical

configuration, while System 1 was used in the horizontal mode to image the thermal panels and associated hardware.

All operations were performed in such a manner as to ensure that multiple backups were made of all collected data to
minimize the possibility of data loss.

Alignment Procedures

Analysis of stereo-images is possible only after the left and right images are merged into a single 3-dimensional

view. To ensure that the images could be later processed to yield depth and diameter information, the

microscope/cameras were aligned daily in an effort to simplify the process of image registration. Such alignment was
necessary to assure (1) the microscope lens was parallel to the imaged surface, (2) the cameras were in the same

orientation, and (3) the displayed images had similar horizontal and vertical centering.

Using a sheet of metric graph paper (with a fiducial arrow) the SMIS alignment was checked for parallelism (using

a metric scale) and the microscope focused on the arrow at the lowest magnification. The directional alignment was

checked with the arrow. Next, the microscope was changed to the highest magnification and refocused; the

magnification was then lowered through the other click-stop positions to ensure that the image stayed in focus. Finally,

the images on the monitors were compared for horizontal and vertical alignment. If either was off by more than 0.5

ram, the CinefFV tubes had to be realigned. Once alignment was achieved, the SMIS was considered operational. All

three SMIS were checked daily, or every time a SMIS was changed from vertical to horizontal mode and vise versa.
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ImagingProcedures

Imaging procedures varied slightly between the different scanning locations (i.e., experiment-tray rotators,
workbenches and the LDEF structure). The standard configuration for a SMIS utilized the 1.0X objective lens, 10X

eyepieces in the camera paths, 20X eyepieces in the binocular tube and the gooseneck light-pipes. In general, imaging

was conducted at the highest magnification that permitted the entire feature to remain within the camera's field of

view. Imaging was normally performed by two-person teams with one individual operating the microscope, while the

other operated the computer. Besides increasing efficiency, this provided verification of all information and data

collected, ensuring that errors were rapidly spotted and corrected.

Experiment-Tray Rotator Operations. As was the case with surveying, imaging was performed in three zones (high,

middle and low) for trays mounted in the various rotators. After the initial survey was completed, the features that had

been identified were examined by the SMIS. If the feature diameter met the established criteria, or exhibited some

interesting or unusual characteristics, a pair of stereo images was acquired. All features in the upper zone would be

checked and imaged, if necessary, followed by those in the middle and lower zones, respectively. If a feature was judged

to required 35-ram photodocumentation, the feature number was noted in the logbook. After all video imaging was
completed the SMIS was reconfigured for 35-ram camera operations by removing the CCDs and installing the 35-ram

cameras. Following rotational alignment of the cameras and focusing, pictures were taken by using cable releases (to

minimize vibrations) to activate the shutter mechanisms.

Workbench Operations. Procedures for workbench operations were similar to experiment-tray rotator operations,

but were performed with the SMIS in the horizontal configuration. When experiment trays had to be imaged on the

workbench (primarily the S0001 experiment trays), the binocular eyepieces were rarely used to prevent the operator
from having to lean over the tray.

LDEFStructuralFrame Operations. Surveying and imaging of the frame began with Row 5. System 2 was used for

imaging Bays A-C, while System 3 was utilized for Bays D-F. Generally, all features on the longeron of a particular row
were imaged first. Next, the microscope was rotated (-15 ° ) so that it was parallel to the upper portion of the

intercostals and the indexed features imaged. LDEF was then rotated so the lower portion of the intercostals could be

accessed and imaged. LDEF was again rotated to bring the next longeron into position, the microscopes were

repositioned to be parallel, and surveying and imaging of the next row began. This process was repeated for all 12 rows

of LDEF. The two ends (Bays G and H) were imaged using similar procedures with System 3 documenting the space-

end (Bay H), while System 2 was used for documentation of the Earth-facing end.

Shut-down Procedures

At the end of each day's operations, the SMIS were moved into the M&D SIG area, powered-down, all BNC and

power cables were unplugged, and the microscope was positioned on the floor-stand for overnight storage. The daily

"all.img _ and "all.corn" files were downloaded to 3-1/2" floppy disks (for post-processing) and the computers were turned

off. Finally, if experiment trays were to remain in the M&D SIG area overnight, Ground Operations personnel would

install the tray covers to protect the experimental surfaces.

Daily File-Processing Procedures

One of the floppy disks with the downloaded files was removed from SAEF II for processing. The files were copied

to a Bernoulli and an internal hard disk for processing and back-up. Each system's _all.img" file was loaded and the

highest feature number from each component copied into a "master" file. When completed for all three image files, the

master file was copied to a new "all.img _ file for uploading during the next morning's start-up operations. This post-

processing was necessary to ensure that all three systems started each day with the same feature numbers for all trays,

and provided an additional back-up of all data to be kept outside of SAEF II.
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KSC THERMAL BLANKET PROCESSING

Background

The 17 Scheldahl thermal blankets provided a large, uniform meteoroid-detector randomly spaced around LDEF;

only Rows 3, 9 and 12 did not contain one of these blankets. The blankets provided thermal insulation to the sixteen

A0178 trays and one P0004/P0006 experiment. The M&D SIG was also responsible for trisecting, removing and

packaging all 17 blankets. "the left 1/3 of each A0178 blanket remained in the U.S. and is now archived at JSC, while

the remaining 2/3 were returned to the European Space Technology Center (ESTEC) in The Netherlands. The entire

P0004/P0006 blanket (Bay F02) resides at JSC.

Thermal Blanket Boxes

Lockheed personnel at JSC designed and constructed about 60 thermal blanket boxes (TBB) to protect and

transport the trisected blankets from KSC. Details of the materials used in the construction of these devices is beyond

the scope of this report and can be found in See et al. (1). However, the main thrusts behind their design were to

protect the blankets during transport and to utilize the flight veicro in securing and transporting the blankets.
Following assembly, each TBB was cleaned, packaged in a vacuum-sealed polyethylene bag and placed into specially

designed wooden crates for shipment to KSC.

Processing Procedures

Thermal Blanket Processing

Processing of the thermal blanket consisted of six steps: (1) TBB preparation, (2) survey and preparation, (3)

trisection, (4) removal and placement into the TBB, (5) photography and (6) final sealing, packaging and shipping.

TBB Preparation. The empty TBBs were delivered to KSC inside vacuum-sealed polyethylene bags. The lexan top

was removed to prepare the adjustable aluminum angle for blanket attachment. Threaded nylon rods were inserted

through the holes in the outer aluminum frame, lexan standoffs and an adjustable aluminum angle inside the TBB, and

secured in place with nylon nuts and washers.

Survey and Preparation. First, the 2.5 cm piece of the thermal blanket that was folded between the experiment-tray

wall and the experiment canisters was unfolded to expose the entire blanket. The blanket was then inspected to

determine the best places to cut the blanket, avoiding penetration features or their associated delamination zones.

Trisection. The outline of the velcro that attached the blanket to the tray-support frames was used as a cutting

guide. An incision was made through the middle of the velcro such that velcro was on both sides of the trisected piece

of blanket to facilitate its attachment in the TBB. The incision was slowly extended through the blanket until the

bottom was reached. If and when an impact feature was found in the path of the incision, it was skirted to preserve the

feature and associated delamination zone, if present. The entire blanket remained on the experiment tray while the

second cut was made. Throughout trisecting operations, the A-Team observed that the leading-edge blankets tended

to be thinner and easier to cut than their trailing-edge counterparts.

Grounding straps from 11 of the A0178 experiments (A02, A04, A10, B05, B07, C05, C08, Cll, D05, Dll and F04)

were committed to the Materials SIG. The straps were detached by cutting a semicircle approximately 10.2 cm in

diameter around the point where the strap attached to the blanket.

Removal and Placement in the TBB. Following trisection, the left third was removed first by slowly separating the

velcro on the blanket from the velcro on the support frame. The blanket was then placed in the TBB and held in place

by matching the blanket velcro with the new pieces that had been attached to the aluminum angles in the box. After the
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blanket was secured to both sides of the TBB, tension was applied by adjusting the position of aluminum angle along
the nylon rods. After all blanket pieces were removed from the tray, the tray interior was surveyed for craters and/or
debris. When encountered, such features were photographed with the SMIS.

From every U.S. portion an approximately 10.2-cm wide strip was removed from one end and given to the
Materials SIG. Care was taken to determine which end to cut in order to sacrifice the fewest impact features. Prior to
removal, all impact features in the strip were counted and the information recorded in the logbook.

After the Materials SIG specimen was removed, the iexan top was secured into position and Kapton tape was
placed over the screws to prevent damage to the polyethylene bags. The bay location, experiment number, blanket
orientation and blanket fraction was written on the lower right-hand corner of the lexan top.

Photography. Front- and back-surface photographs of the blankets secured in the TBB were taken (from -2 m)
with a 35-ram Nikon camera. Back-surface photographs used backlighting to illuminate the penetrations (which were
counted) through the blanket.

Final Packaging and Shipping. TBBs were placed in pre-cleaned polyethylene bags and heat sealed, leaving only
one small opening. A dry-nitrogen flush was performed for approximately two minutes, following which a vacuum was
pulled on the bag, and the bag heat-sealed. The bagged TBB was placed into a second polyethylene bag and vacuum
sealed. The doubly encapsulated TBBs were then placed vertically into a specially designed (foam-lined) wooden
shipping crate (five to a crate).

JSC ACTIVITIES

Stereo Image Processing

During the three month deintegration of LDEF, the M&D SIG generated approximately 5000 pairs of digital,
color stereo images of impact-related features from all space exposed surfaces. Currently these images are being
processed at JSC to yield more accurate feature information (e.g., the diameter of the crater at the original target
surface). In addition, many features possessed structures (e.g., ring diameters associated with A0178 blanket
penetrations) that lend themselves to analysis by standard image-processing techniques. In order to retrieve depth,
height and diameter measurements of the features, it is necessary to combine the image pairs to produce a three-
dimensional representation of the imaged objects. This merging of images is accomplished by determining the pixel
locations of various tiepoints (i.e., points in comm'm between the left and right images). Selection of these tiepoints is

currently underway in the JSC Video Digital Analysis Systems (VDAS) Laboratory.

The Stereo Images

Parallax is exploited in determining an obiect's distance with stereo photograhy. Parallax is defined as the apparent
change in the position of an object resulting from the change in the direction or position from which it is viewed.
Objects closer to the viewer (or camera) display a greater angular displacement than more distant objects as the
viewpoint changes, and it is this phenomenon which permits the determination of relative (or absolute) distance.
Normal human (and most animal) eyesight is designed to make use of parallax through binocular vision. Having two
eyes allows us to obtain images from two sources at once, and our brain permits us to integrate these two images and
extract distance information from the inherent parallax. The LDEF imagery has been gathered in much the same way
as would be by the human eyes.

Each image gathered by the M&D SIG was quantized into a digital copy of 512 samples by 512 lines, resulting in a
total of 262,144 "pixels" (picture elements) per image. Each pixel contains a red, a green and a blue band of
information, with each band able to contain any one of 256 intensity levels. Thus, the three bands combined enable a
total of 16,777,216 discrete possible colors. Current studies underway to define the impact related geometries do not
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currently make use of the color information contained in the imagery., but the presence of the data permits the future

use of multi-spectral analysis techniques to pursue materials studies. The digital images can be thought of as a grid

containing 512 X-positions (horizontal), and 512 Y-positions (vertical), and each pixel position within the image may

then be referred to by its own unique pair of coordinates.

The Image Analysis

Figure 3 is a simplified diagram of the geometry involved in calculating the height of a point based on the paraUax

observed in a pair of binocular images. The parameters Wd, Dist, andfremain constant for a data collection system and

can be determined empirically using calibrated features (/.e., objects of a known height and depth). The height of each

point of interest (POI) is then calculated based on the difference in X position between the two views. Note that

Figure 3 has the POI projected onto the center of the field of view on the right camera for simplicity.

In practice, matching data points

(tiepoints) are selected by an analyst from

each of the images for several points on the

original target surface so that corrections
may be made for differences between the

system focal plane and the target surface

(i.e., rotations and offsets). Next, tiepoints
for impact-related features are selected,

and heights for each point are calculated

with respect to the original target surface.

Work is currently underway for using a

minimal number of data points to

parametrically define impact-crater

morphologies in order to minimize the

man-hour intensive task of tiepoint

selection. Early attempts to automate the
tiepoint selection were unsuccessful, and

further attempts have been postponed until

a fully functional interactive system has

been be completed.

Two-dimensional analysis of non-relief
type features (such as the aforementioned

ring diameters associated with A0178

blanket penetrations) are also under

development. This analysis makes use of

conventional image-analysis techniques
such as Laplacian edge detectors to

accurately define two dimensional impact-
related features.

Height Calculations from Binocular Images

Dist Fb/

Wd
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\oI:/ o
FocalPlane B

Wd - apDrox,workingdistance

Dist., SeparationD_stance
f = effectivefocal length
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h = PC " sin(B)

D_t
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Figm_ 3. lllnstration depicting the geometric relationships invoh,ed in lhc extracting of

distance (i.e., depth, height and diamter) informaation from stereo photographs.

Data Acquisition and Curation

Spacecraft and experimental surfaces acquired by the M&D SIG during the KSC deintegration activities are

presently being scanned for additional craters and penetrations smaller than 0.5 and 0.3 ram, respectively. These data

are being incorporated into the Meteoroid & Debris database that is being managed by the JSC Curatorial Facility.
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Additionally,the Curatorial Facility. is handling the distribution of acquired LDEF materials to interested and qualified

investigators. Persons desiring to study these surfaces should contact the JSC LDEF Materials Curator (Mike

Zolensky) with a formal written request outlining the materials desired and the type of investigations planned.

FOILS Laboratory

Scanning of acquired surfaces is being carried out in the Facility for the Optical Inspection of Large Surfaces

(FOILS) Laboratory at JSC, which was originally established to permit scanning of Solar Maximum and Palapa
hardware returned from earlier satellite repair and recovery shuttle flights. The laboratory is in a Class 1000 clean

room that contains SMIS System 3, which has been mated to a motorized X-Y comparator/scanning table. Software

was written to control the scanning-table motors to permit detailed microscopic scanning of the desired surface in a
systematic fashion.

A component is first placed on the scanning table and aligned such that the positive X- and Y-directions

correspond to the same axes as were assigned during the KSC Detailed Experiment Inspection discussed earlier. Next,

the same (0,0) reference point is employed, or the necessary offset to the original (0,0) point is input to the system such

that (1) all newly documented features are assigned to locations from the same coordinate system used at KSC and (2)

no features documented at KSC are counted a second time at JSC. Once the system is initialized with the necessary

information, the operator scans the surface by watching video monitors or by looking down the binocular eyepieces of

the microscope. Generally, the latter techniques is employed as the 3-D view aids in the identification of smaller (< 100

/_m) features. When a feature is found, the operator stops the scanning table and documents the feature by examining

it under high magnification, looking for unusual characteristics or possible projectile residues, recording the
coordinates, measuring and recording its diameter, recording other information (e.g., material type, feature type), and

assigning a feature number. If a feature is encountered that may have been documented previously at KSC, the

operator uses the feature's coordinates and diameter to determine if it already has an assigned feature number. If it
does, the operator can override the new computer-assigned number and manually input the original feature number

should there be a need to redocument the feature for any reason (e.g., verify diameter information, re-photograph).
However, in general, stereo-image pairs are acquired only if the operator observes possible projectile residues or some

unusual characteristic associated with the feature. Following documentation of a feature, the scanning table

automatically returns to the spot where the operator halted scanning operations and resumes the scan from that point.

After an entire view width (video or microscope) is scanned along the entire X-axis, the Y-axis is increased by

approximately 0.8 of a view width, and the component is scanned in the negative X-direction; the approximately 20%

overlap assures that no areas are missed in the scanning process. This process is repeated until the entire component

has been microscopically examined.

Database

Once a component has been completely scanned, the file containing all acquired information is transferred to the
Curatorial VAX computer and incorporated into the M&D SIG database. Presently, the database contains

information on approximately 8,000 individual impact features (i.e., approximately 5,000 documented at KSC and

approximately 3,000 added from the JSC FOILS Lab). Investigators obtaining meteoroid and debris information that

can be included in the database should send the data (in both ASCII and written formats) to the JSC Curatorial

Facility, attention Claire Dardano. Access to the M&D SIG database can be accomplished by either the SPAN

Network or modem. In either case, a terminal emulator must be used that is compatible with DEC computers; the

preferred emulation mode is VT100.
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To access the M&D SIG database

SPAN

1) Log onto your host computer.

2) Type SET HOST 9300 at the system prompt.

3) Type PMPUBLIC at the Username: prompt.

NOTE: Your system manager may add node

CURATE to the DECNET database on your host

computer; the SPAN node number is 9.84. You may

then access CURATE by typing SET HOST CURATE
instead of SET HOST 9300.

MODEM

1) Dial (713) 483-2500 or (713) 483-2501.

2) Press <CR> three (3) times.

3) Type SN_VAX at the Enter Number: prompt.

4) Press < CR> three (3) times.

5) Type J31 at the prompt.

6) Type PUBLIC at the Enter Username> prompt.

7) Type C CURATE at the Xyplex> prompt.

8) Type PMPUBLIC at the Usemame: prompt.

For problems or additional database information contact Claire Dardano at (713) 483-5329 [FTS 525-5329] during
normal business hours.
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SUMMARY

The Micrometeoroid and Debris Special Investigation group has documented all craters >500/zm and penetration

holes >_300/zm in diameter on the entire LDEF spacecraft. This report summarizes the observations on the LDEF

frame, which exposed aluminum 6061-T6 in 26 specific directions relative to LDEF's velocity vector. In addition, the

opportunity arose to characterize the penetration holes in the A0178 thermal blankets, which pointed in nine

directions. For each of the 26 directions, LDEF provided time-area products that approach those afforded by all

previous space-retrieved materials combined. The objective of this report is to provide a factual database pertaining to

the largest collisional events on the entire LDEF spacecraft with a minimum of interpretation. This database may serve

to encourage and guide more interpretative efforts and modelling attempts.

The LI)EF observations are in qualitative agreement with the salient features of existing models regarding the

hypervelocity cnvironment in low-Earth orbit. The crater production rate varies between the forward- and rearward-
facing surfaces by more than a factor of 10, possibly by as much as a factor of 20. Within statistical error there is no

evidence for differences in the mass-frequency distribution of impactors impinging from diverse radiants.

A complete understanding of LDEF's impact record requires additional documentation of smaller impact features,

combined with refined modelling of the dynamic properties of both natural and man-made particles in low-Earth orbit,

as well as improvement of crater-scaling relationships and of thin-film penetrations.

INTRODUCTION

The Long Duration Exposure Facility (LDEF) exposed a total surface area of approximately 130 m 2 in low-Earth

orbit (LEO) for approximately 5.7 years. This corresponds to an area-time product of approximately 750 m 2 exposed

for a single year, which is almost two orders of magnitude larger than all previous opportunities combined to investigate

the hypervelocity particle environment in LEO on space-exposed surfaces. The latter include diverse surfaces exposed
on Apollo and Skylab (refs. 1, 2) and on Shuttle (ref. 3), all of time-area products < <1 m2/y. Prior to LDEF, the most

significant opportunities were in the form of thermal blankets and thin aluminum membranes that possessed a total

time-area product of some 12 m_-/y (rcf. 4) that were retrieved during the repair of the Solar Maximum Mission

spacecraft. These Solar Max surfaces substantiated the presence of a significant man-made debris population in LEO

(ref. 5) that combines with the natural particles, largely derived from comets and asteroids, to form a substantial

collisional threat to spacecraft in I.EO (ref. 6).

Because the number of collisional events is -- to first order -- a linear function of this time-area product, the

opportunity offered by LDEF to characterize the natural and man-made particle populations is unique. In addition,

there is little prospect of duplicating LDEF's impact record from any space-exposed hardware for at least a decade,

much less an opportunity to surpass and improve upon it during a period when spacecraft designers must address

collisional hazards to large-scale, long-duration structures in LEO (i.e., Space Station Freedom). Analysis of LDEF's
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impactrecordconstitutesanobservationalbaselinethatwill becrucialto thedesignof future Earth-orbiting flight-

systems.
This significance was clearly rccognized prior to LDEF's retrieval, and is the primary reason h)r the establishment

of the Metcoroid and Debris Special Investigation Group (M&D SIG). Members of this group resided at the Kennedy
Space Center (KSC) throughout the period of I.DEF deintegration to document and preserve, for more detailed

analysis, the impact record of the entire LI)EF spacecraft. While all exposed surfaces were scanned and documented

via a set of consistent criteria and procedures, emphasis was placed on those surfaces that were not initially intended to

be investigated for impact featurcs. These surfaces were perceived as valuable "targets of opportunity" that would be

highly complementary to dedicated micrometeoroid and debris experiments provided by six Principal Investigator (PI)

tcams. The activities of the KSC M&I) SIG team arc outlined in (ref. 7), and described in detail in an extensive (600
pages) report (rcf. 8).

The following extracts liberally from these reports and is intended to present an overview of the larger impact

features on selected surfaces that were not part of dedicated Pl-experiments, and that characterize the relative

production rates of impact features on the entire spacecraft. Recent theoretical insights (see below) suggest that

important dynamic properties, such as the absolute flux and mean impact-velocity of natural and man-made particles in
LEO, may bc extracted from impacted surfaces that point into specific directions on a non-spinning spacecraft, such as

i.I)EF. As many future structurcs, including Space Station Freedom, will also have fixed attitudes relative to their

orbital vclocity vcctor, correct and realistic dynamic modclling becomes crucial for their protection against collisional,

and possibly catastrophic dam:tgc. IA)EF represents a unique and very timely opportunity to test, and hopefully

improve on existing models.

The data presented here is limited to factual

measurements of crater- and penetration-hole

diameters and their frequency of occurrence. These

data permit, yet also firmly constrain, more model-
dependent, interpretative efforts. Such efforts will

focus on the conversion of crater and penetration-hole

sizes to projectile diameters (and masscs), on absolute

particle fluxes, and on the distribution of particle-

encounter vclocitics. These arc complcx issues (rcfs. 6,
9, 10, i1, 12, 13,* ) that presently cannot be pursued

without making various assumptions. These

assumptions relate, in part, to crater-scaling

rclationships, and to assumed trajectories of natural

and man-m:tde particle populations in LI_:_O, that

control the initial impact conditions.

RATIONALE FOR TIIE SELECTION OF

ANALYZED SURFACES

The bombardment effects of a non-spinning

platform encountering an (assumed) isotropic cloud of

hypcrvclocity particles in I.EO arc akin to raindrops

hitting the windshield of a moving vehicle. More

particles are encountered in the forward-facing
direction than in the rearward-facing direction, while

the velocity distribution of the impactors varies from
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Figtt_ 1. Relative flux and mean encounter velocities of interplanetary
dust particles >10 ,urn colliding with surfaces of specific _imuthal
orientations relative to the velocity vector of a non-spinning platform in
LEO (ref. 9). Note that this plot does not account for Earth shielding.

"fast" in the forward-facing (leading-cdge) direction, to "slow" in the opposing (trailing-edge) direction, because particle
and spacecraft velocities are added vectorially.

Figure 1 depicts the effective fluxes and mean velocities of natural particles >10 #m in size that encounter flat,

vertical surfaces of specific orientations relative to LDEF's velocity vector. The detailed assumptions and algorithms

used by Peterson* to derive this figure are cssentially those of Zook (ref. 9, 10). These model predictions may

be tested by a wide variety of LI)EF surfaces. Indeed, first order comparisons were offered during the First LDEF

* Peterson, R.B. (1989) Instrument Pointing Considerations; Report to Cosmic Dust Collection Facility Open

17orum, Lunar and Planetary Science Institute, March 1989; unpublished.
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Symposiumbysomedust investigators. In addition, the active Interplanetary Dust Experiment (IDE; ref. 10) will play

a substantial role in our understanding of particle dynamics in LEO. While refined calculations and observations may

well lead to modifications of Figure 1, the first order findings will remain valid. From Figure 1 it can be seen that the

mean encounter velocities range from approximately 20 to 11 km/s for surfaces that point into the leading- and trailing-
edge directions, respectively, and that the effective fluxes, at constant projectile size, between those orientations may

differ by a factor of 10. Because most impact damage is proportional to the impactor's kinetic energy, the combination

of flux and mean velocities results in factors of 30 to 40 difference in the energy flux between leading- and trailing-edge

directions, a substantial difference for the design and operation of flight systems. It is obvious that forward-facing

systems will sustain more damage than rearward-facing surfaces per unit time, and therefore, that collisional shielding

requirements may vary dramatically with specific pointing direction relative to a spacecraft's velocity vector.

The size of any crater or penetration hole depends on a number of physical properties of both the target and

projectile material, and on the projectile's mass and impact velocity. A given unit impactor will generate craters of

different sizes on LDEF, depending on the instrument location, because of the different effective (mean) encounter

velocities as portrayed in Figure 1. The quantitative rclationships among these parameters are known for a few LDEF

materials, but only over a restricted range and set of initial conditions. Specifically, the prevalent impact velocities in

LEO arc beyond current laboratory capabilities for most impactors > 10 tzm in diameter. Therefore, it is prudent, if not

mandatory, to characterize impact features on idcntical target materials so that the physical properties of the target can
be accounted for or that they reduce to some systematic constant; this permits relative comparisons among surfaces

pointing into different directions.

To fully exploit LDEF's potential in contributing to dynamic issues of the particle environment it becomes

necessary to study surfaces that are manufacturcd from identical materials and that are widely distributed over the

entire spacecraft. The highly stochastic nature of the collisional environment further mandates that such surfaces be of

sufficicnt surface area to have accumulated a representative population of impact features. Such considerations

identify LI)EF's aluminum structural frame and the A0178 Teflon thermal blankets as the most outstanding

opportunities to learn about the LEO particle populations (in addition to those afforded by dedicated and well

calibrated micromeleoroid and debris experiments).

o
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Figure 2. Geometric relationship of the LDEF frame components. (A) Arrangcmeat of longerons

and intercostals in a typical "Row" of I.DEF Bays and instrument locations. (B) Angular
relationship between a longeron and intercostals on adjacent LDEI's rows.

The structural frame of LDEF

was manufactured from 6061-T6

aluminum beams that formed an

open-grid, 12-sided frame that

produced individual instrument

bays (Bays A-F) and provided
attachment points for the

instrument trays; Figure 2 illustrates

the pertinent geometric

relationships. The longitudinal

frame members (-4.6 m long) were

termed "longerons", while cross

members between Iongerons were

called "intercostals" (-1 m in

length). The angle between

adjacent instrument rows, defined

by the intcrcostals, was 30 ° (12-
sided cylinder), while the angle

between adjoining intercostals and

longerons was 15° so that one

longeron could accommodate
instruments from two adjacent

rows. Individual rows were assigned sequential numbers (1.12), with Row 9 facing in the nominal velocity vector

(leading-edge direction) and Row 3 in the trailing-edge dircction. For simplicity we assigned the longcrons half-row

numbers (e.g., longeron 2.5 would reside betwccn Rows 2 and 3). The frame components of the Earth- and space-facing

ends (i.e., Bays G & 11) of the LI)EF spacecraft were essentially flat.
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LDEF'sstructuralmembersrepresenteda totalexposed surface area of approximately 15.4 m 2. The exposed

portions of the six intercostals and the center ring had a surface area of approximately 0.61 m 2 per row (1-12), while the
Iongerons (1.5-12.5) exposed approximately 0.54 m 2 in each direction; the Earth- and space-facing ends exposed

approximately 0.79m 2 of surface area each. Thus, LDEF's structural members represent impact "detectors" of a single

material type pointing in 26 well-defined directions, each possessing _>0.5 m 2 of surface area and representing an area-

time product >3 m2/y. The frame provides an unprecedented opportunity to study impact craters in infinite halfspace

targets, and is of extra significance in that the impact behavior of 6061-T6 aluminum, being a common structural
material in spacecraft, is fairly weU understood (e.g., tel. 10, * ).

Although not exposed in all 26 directions, identical thermal blankets (i.e., Scheldahl G411500) associated with the

sixteen A0178 experiment trays and the one P0004h_0006 experiment tray provided another material type that was

widely distributed around the circumference of the spacecraft (i.e., all rows except 3, 9 and 12 contained at least one of
these blankets). Each individual blanket exposed approximately 1.2 m 2 of surface area. The time-area product

afforded by these thermal blankets was a minimum of 7 m2/y in each of these nine LDEF orientations.

The thermal blankets consisted of an outer layer of FEP Teflon (125/zm thick) backed by a layer of silver-inconel
(200 to 300 _ thick), which in turn was backed by DC1200 primer and Chemglaze Z306 black conductive paint (80 to

100 #m thick), resulting in a total blanket thickness of approximately 180 #m. Presently, the impact/penetration

behavior of this compositc foil is poorly understood; dedicated calibration experiments designed to address such

behavior must be conducted. Furthermore, such experiments will contribute to understanding the unusual

morphologies of the penetration holes observed in the LDEF blankets (i.e., concentric rings of highly variable
geometries, etc., ref. 8). Such features are thought to reflect some form of shock-induced delamination at the interface

of the silver-inconel and Teflon layers.

FEATURE DESCRIPTIONS AND

MEASUREMENTS (A) I

D

(c) O

Figure 3 illustrates the morphology
and associated diameter measurement for

typical impact features encountcrcd on
the two materials discussed here. Crater

diameters refer to rim-crest-to-rim-crest

dimensions (I)r; Figures 3a & b) and not

to the diameter measured at the intercept

of the crater walls and the original target
surface (1)c) , which is approximately 25%

smaller (refs. 12, 13) than D r.

The measurement of the penetration-

hole diameter (Dh) also refers to a rim-to-
rim measurement (Figures 3c & d).

Multiple diameter measurements,

especially for the case of non-symmetrical

holes, were performed and avcraged to

obtain D h for any specific event (ref. 8).

The physical penetration hole is modestly

smaller than the quoted l)h; while no

systematic measurements exist, the latter

ii '

D

Figure 3. Drawings of typical craters (A & B) and penetration holes (C & D) morphologies
encountered, and associated measured diameters for features in the aluminum LDEF frame

i and A0178 thermal blankets, respectively. Note the presence of the dark rings (representing

dclamination features) surrounding the relatively small penetration hole. "/he presence of

distinct lips surrounding mos! penetration holes indicates that atomic oxygen erosion had
not greatly enlarged the original hole diameters.

diameter is estimated to differ by <10% from D h (ref 14). See et al. (ref. 8) described the exterior morphologies of

these penetration holes which were typically characterized by various colored ring-like, delamination features of

variable widths, crispness, spacings, scaled diameters and absolute ring numbers. However, not all penetration holes in

these blankets were surrounded by the halo or ring features, and their presence seems to be unrelated to any

macroscopic factor or characteristic, such as the diameter of the penetration hole (Dh).

Peterson, R.B. (1989) Instrument Pointing Considerations; Report to Cosmic Dust Collection Facility Open
Forum, Lunar and Planetary Science Institute, March 1989; unpublished.
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During the earliest
M&D SIG activities at

KSC an operational
decision had to be made

regarding the cut-off
diameter of individual

craters and penetration
holes to be measured

and documented in

detail, the latter

including location

information (with

millimeter precision)
and stereo photography.

Table 1. Distribution of impact features on LDEF. The values listed do not represent a complete count of the

number of impact features on LDEF because (1) many surfaces were examined but the exact locations of the <0.3
mm and/or <0.5 m,u diameter features were not recorded (i.e., whether they resided on the experimental surfaces or

the tray flanges) and (2) during the first several days of M&D SIG documentation activities, only those features that
were photodocumented were counted. Thus, the number of features listed in the various categories represent only

those features known to exist on that particular surface type, while the "Totals" column depicts the total number of
known impacts counted in the various size categories, regardless of their locations.

CLAMPS, BOLTS TRAY EXPERIMENTAL LDEF TIIERMAL

& SIIIMS FI_NGES SURFACES FRAME BLANKETS TOTALS

<0..3 mm 158 "2831 3069

_>0.3 mm 172 +625 797

<0.5 mm 1318 1923 14171 5171 27385
>__0.5mm 161 419 2106 432 3118

TOTALS 1479 2342 16687 5603 3486 34336
* - Count is incomplete; the <0.3 mm diameter features were not counted on F02, C05, CD6 and D07
+ - Count is incomplete; the ->0.3 rum diameter features from F02 not included.

Obviously, this decision was affected by the maximum workload that could be sustained by the available resources, both

observers and equipment, and the ease with which impact features could be observed on various surface materials.

Cut-off diameters of 500 #m for craters in infinite halfspace targets, and 300/am for penetration holes in thermal

blankets wcre chosen. This dual size threshold was employed due to the differing processes associated with

hypervelocity impacts into foils versus materials of much greater thickness. These cut-off diameters were applied

rigorously and systematically to all LDEF surfaces, including the longerons and intercostals of LDEF's frame, leading to

a complete inventory of all craters ->500 #m in diameter for the entire spacecraft. In addition, the total number of

impact structures between these cut-off diameters and approximately 50 pm in diameter, as observed with the naked

eye, was counted and recorded as a single, cumulative number, llowever, the latter is particularly operator-sensitive,

and dedicated studies are needed to characterize features smaller than the (large) cut-off diameters. As detailed in

Table 1, these procedures yielded approximately 35,000 impacts ->50 txm in diameter, which must constitute a minimum

value, and approximately 4,000 larger structures that were documented individually and that represent a quantitative

account of LI)EF's "large" impact featurcs.

This report summarizes these large events exclusively. The impact craters contained on LDEF's frame comprise a

set of 432 individually documcnted craters, while the thermal-blanket data are based on 625 penetrations. These

represent about 10% and 78%, respectively, of all large craters penetrations on the entire spacecraft.
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Figure 5. Normalized size-frequency distribution of crater and penetration-hole diameters for the LDEF alumintmt frame and -180 #m thick Teflon
thermal blankets.

RESULTS

The cumulative size-frequency distributions and spatial densities of large craters and penetration holes are

illustrated in Figure 4 where they are grouped into specific viewing directions, identified by I.DEF row. Unfortunately,

even for such substantial time-area products, the total number of events is still generally small, leading to poor statistics

and large scatter in the data. We calculated two-sigma (95% confidence level) error bars (not illustrated for the sake of

clarity in Figure 4) and conclude that effective crater-production rates depend on instrument orientation and that

relative size-frequency distributions could bc identical.

If taken literally, substantial variations in relative mass-frequency of the impactor populations would be obtained

from the normalized crater- and Penctration frequency data illustrated in Figure 5. Clearly, the latter are heavily

affected by the presence or absence of a few, large, stochastic events, and is the reason why detailed measurements of

(distribution) slope and associated implications are unwarranted. Nevertheless, Figure 6 illustrates the statistically
most meaningful (yet tentative) ratios of small to large events that may be extracted from the data sets. "Small" refers

to the (somewhat arbitrary) cut-off limits of (i.e., l) r = 500/_m and Dh= 300 pm), while "large" refers to events twice

that size (i.e., D r = 1000 and D h = 600#m). The latter size features were present on all surf;tees, but total numbers are

generally small. Figure 6 exhibits no systematic trends that may be related to instrumcnt pointing direction. Note that

the thermal blankets exhibit relatively high frequencies for large events on the forward-facing directions, while the

longeron data seem to indicate the opposite. Obviously, both trends cannot be correct simultancously and we conclude

from Figurcs 4, 5 and 6 that the statistics h)r features larger than our threshold diameters may not suffice to state, with

confidence, whether or not the size frequency of projectiles varies with viewing dircction. Additional data are needed
on small-scale features to provide firm answers to such questions.

Figure 7 displays the absolute frequency of observed features as a function of instrument orientation in an LDEF

specific reference frame. We are aware that the actual leading edge was approximately 8° (+__(1.4°) off, toward Row 10,

from the nominally planned Row 9 direction (ref. 14). This off-set, however, does not invalidate the premission-

assignment of Row 9 as the "leading-edge", and of Row 3 as the "trailing-edge", an assignment that we maintained

throughout this report. Figure 7 illustrates, in polar coordinates on logarithmic scales, the observed, absolute crater
density (N/m e) for craters >__500/_m in diameter on the longerons and intercostals, as well as the number of penetration

holes _>300 p.m in diameter for the thermal blankets. For clarity and ease of comparison, Figure 8 illustrates the data in
histogram form, both in absolute and relative terms, the latter after normalization to the maximum spatial densities

observed on the Row l0 intcrcostals (crater density) and thermal blankets (penetration-hole density).
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It seems apparent that there is a strong
dependence on pointing direction as implied

by Figure 1, and -- in a gross sense -- the
observations are consistent with modelled

expectations. The effective production rate of

craters or penetration holes of constant size

seems to differ by more than a factor of 10

between the highest and lowest frequencies.

Unfortunately, leading- and trailing-edge
crater densities accessible to the M&D SIG are

confined to the intercostals only; no thermal
blankets occupied I.DEF Rows 3 and 9, and

the longerons were 15° off-set from each row.

Somewhat surprisingly, as detailed and

emphasized earlier (ref. 15), the Row 9

longeron displays a modest crater population
which is distinctly smaller than the adjacent

longerons and intercostals. We consider the
Row 9 intercostal data to be non-

rcpresentative. Adjacent intercostals on Rows

8 and 10, and longerons at locations 8.5 and 9.5

have consistcntly higher crater densities.

Because of the orbital precession of the Earth

26
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18
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_ 10

_ 8

_ 4

2

0

Frame: D(x)=$O0, D(y)= 1000

Blankets: D(x) =300, D(y) =604)

3 4 5 6 7 8 9 10 It 12 l r_2 ,_

Longerons lntercostals Thermal Blankets

Figure 6. Ratio of "snmll" to "large" impact features per LDEF Row (pointing
direction). Note the subslantial scatter of the data and the seeming lack of systematic
trends within our limited sample-statistic.

(-8°/day), any anisotropy in particle flux would be substantially and rapidly smeared out over neighboring LDEF

locations; it seems implausible from a dynamic point of view to sustain the low impact rates implied by the Row 9

intercostals and at the same time cause the apparent higher rates on adjacent surfaces that are only 15° and 30° apart,

respectively. Supporting cvidcnce fl)r this interpretation comcs from the general trcnds displayed by the thermal

blankets as well, that also yield maxima in the forward-facing directions (Rows 8 and 10).

LONGERONS

1

6

Craters >0.5 mm

INTERCOSTALS THERMAL BLANKETS

Craters->0.5mm

_ 00

6

_'_D Penetrations >0.3 mm

FREQUENCY OF FEATURES / m
Figm'e 7. Absolute spalial density (ploned in Folar coordinates oll logarithmic scales) of impact features (N/m 2) observed oll frame componel)tS

and thermal bla_kets. Note that the differences between forward- aad rearward facing surfaces are greater lhal_ a_ order of magnilude for craters
_>500_zm in diameter and for penetration holes _--300/t111 in diameter, respectively.

In detail, as previously mentioned, LDEF's orbital plane was modestly off-set by approximately 8° in the Row 10
direction. Note that the highest crater densities on LDEF were obtained on the 9.5 iongcron, and that the spatial

density of penetration holes is highest for Row 10. These trends differ qualitatively from those expected on the basis of

Figure 1, which assumes bilateral symmetry about the plane of motion. It appears that LDEF receivcd more impacts

from the general direction of Rows 10 and 11 than on the symmetrically equivalent Rows 8 and 9.
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If the observed minima and maxima of crater and penetration-hole densities were taken literally, the difference in

calculated production rates for impact features (at constant size) between trailing- and leading-edges would be about

1:43 (longerons), 1:14 (intercostals), and 1:17 (thermal blankets). Using a more reasonable and statistically improved

approach (i.e., averaging rearward-facing Rows 2, 3 and 4 and forward-facing Rows 8, 9 and 10), results in production

rates for impact features between these principle orientations of 15-20 for impact features of identical sizes.

Again, we emphasize the raw observations presented throughout this report will have to be converted to projectile

properties, such as mass and (mean) impact velocity, before the above production rates at constant feature diameter

may be converted into absolute particle fluxes. Presently, such conversions can be accomplished only by making various

assumptions.
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DISCUSSION

The largest surfaces and time-area products ever retrieved from space were scanned for relativcly large impact

features in a very careful and rigorous manner. While these investigations were performed in parallel with other LDEF

deintegration activities at KSC, the quality of the data obtained was not affected by some of the unavoidable

constraints applied during these complex operations. The major constraint related to time, which dictated the cut-off

diameters for craters (_>500 p_m) and penetration holes (>__300/_m). It is recognized that more detailcd and time-
consuming studies are needed to characterize smaller impact features. To this end the M&D S1G acquired

representative materials from LDEF that are bcing curated at JSC, and which are now available for detailed study by

qualified investigators.

The current findings are in qualitative agrccmcnt with existing model-predictions that suggcst highly differential

bombardment histories for surfaces pointing into specific directions relative to the velocity vector of a non-spinning

platform in LEO. The production rates for craters _>500 #m in diameter in 6061-T6 aluminum and penctration holes

_>300#m in diameter in thin foil materials (Teflon; 180/zm thick) differ by more than a faclor of 10, and possibly by as

much as a factor of 20 between leading- and trailing-edge facing surfaces. These are substantial differences and must

translate into serious engineering considerations during the design of future, large-scale, long-duration platforms in

LEO. The crater and penetration-hole counts do represent a valuable, empirical database to guidc the dcsign and

possible collisional shielding requirements for future spacecraft, most immediately thc Space Station Freedom.
However, substantial additional work is needed in order to understand LDEF's bombardmcnt history and the
collisional hazard in LEO.

We recommend that the observable impact record be expanded to include smaller impact features. In addition,

future efforts must concentrate on additional thcorctical work concerning the interactions of natural and man-made

impactors with non-spinning platforms, an effort which inevitably will also result in averaged conditions for spin-

stabilized spacecraft. Furthermore, efforts are needed to experimentally determine the penetration behavior of the

LI)EF thermal blankets and to extrapolate impact conditions beyond current laboratory capabilities by means of

suitable scaling-relationships to those conditions prevailing in LEO. Progress in the arca of orbital dynamics, as well as
crater and penetration mechanics must be combined in a highly iterative fashion to bctlcr understand and cope with

the collisional environment in LEO. It was the intent of this report to demonstrate how LI)I!F has already eontribuled

to these efforts, and how it can and may continue to do so.
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SUMMARY

The "Chemistry of Micrometeoroids Experiment" (CME) exposed approximately 0.8 m 2 of goM (>99.99% pure)

on LDEF's trailing edge (location A03) and approximately 1.1 m 2 aluminum (>99%) in the forward-facing All

location. Detailed crater counts reveal a factor of 7-8 enhancement of the effective particle flux on the All location

compared to LDEF's trailing edge. These differences are in qualitative agreement with recent theoretical models

regarding dynamic properties of hypervelocity particles in low-Earth orbit.

Survey-type, compositional investigations of the impactor population(s) via electron beam methods and associated

energy dispersive X-ray analysis have commenced. A large fraction (>50%) of all craters retain projectile masses

below the sensitivity threshold of the SEM methods used. Projectile residues that can be analyzed may be classified
into "natural" and "man-made" sources, yet our investigations have not progressed to the point where we can define

their relative abundance with confidence. Most large craters seem to have been caused by natural impactors, however.

The most significant results to date relate to the discovery of unmelted pyroxene and olivine fragments associated

with natural cosmic dust impacts; the latter are sufficiently large _m) for detailed phase studies and they serve to

demonstrate that recovery of unmelted dust fragments is a realistic prospect for future dust experiments that will

employ more advanced collector media. We also discovered that man-made debris impacts occur on LDEF's trailing

edge with substantially higher frequency than expected, suggesting that orbital debris in highly elliptical orbits may have

been somewhat underestimated. Even these preliminary results illustrate the great potential of LDEF to contribute to
ongoing studies of extraterrestrial materials, as well as to an improved understanding of coilisional hazards in LEO.

INTRODUCTION

LDEF experiment A0187-1, the "Chemistry of Micrometeoroid Experiment" (CME) occupied two full LDEF trays,

located on Rows 3 and 11. Its primary purpose was to retrieve analyzable projectile residue associated with

hypervelocity craters in infinite halfspace targets. The most prolific sources of natural dust are asteroids and comets,

which are primitive solar system objects that escaped the pervasive thermal processing of the inner planets. Therefore,

the chemical information extracted from natural impactors will yield insight into early solar system processes. Even

more so if unmelted particle fragments were found to characterize textural relationships and individual minerals. The

unexpectedly long duration of the LDEF mission, some 5.7 years, enhanced these opportunities beyond expectation.

In addition, substantial developments since the inception of the LDEF experiments provide new opportunities, and

a much improved interpretative context for the initial objectives. Three significant developments occurred. First, the
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existenceandsignificanceof interplanetarydustwasrecognizedin particlecollectionsobtainedfrom the stratosphere

by high altitude aircraft (ref. 1), in deep-sea sediments and in pre-industrial polar ices (ref. 2). Also, greatly improved

or innovative analytical methods enabled detailed mineralogical, chemical and isotopic investigations, rendering
laboratory analysis of interplanetary dust into an integral and highly rewarding part of extraterrestrial materials

research (e.g., refs. 2, 3, 4, 5). Second, a number of dust instruments were onboard the GIOTFO and VEGA spacecraft

as they passed close to comet llalley in 1986. ttighly successful mass spectrometers provided the first in situ chemical

analyses of cometary solids (e.g., ref. 6). Many ttalley particles seem to be akin to those collected in the stratosphere,
but not all. Third, awareness of a substantial collisional threat in Earth orbit from man-made debris increased over the

past decade, and vigorous efforts have been initiated, at international levels, to better understand and cope with this
hazard (ref. 7).

Based on these developments during the past decade, an understanding of LDEF's impact record has assumed

increased significance. Are terrestrial collections of interplanetary dust representative or does heating during

atmospheric entry introduce bias? What are the impact rates of natural particles versus man-made debris? What are

the most prolific sources of man-made particles? The detailed analysis of our CME experiment intends to contribute

to these questions. The following is a progress report toward that objective.

INSTRUMENT DESCRIPTION

The CME exposed two substantially different instruments, one containing movable collector surfaces (i.e., tile

"active" instrument), the other was totally "passive". Their salient features and underlying rationale are described

below. The active tray was considered the potentially more valuable collector and was therefore located on LDEF's
trailing edge which was expected to be the least contaminated LDEF location. Also, relative encounter speeds are the

lowest in the rearwards-facing direction corn to ' other LDEF location, as detailed below.

(A) (B)

!

Figure 1. The CME experiment trays during retrieval operations by STS 32. (A) The active experiment on LDEF location A03 (trailing edge), exposing

seven plates of gold (approximately 0.8 m z) and some auxiliary surfaces to evaluate their suitability as micrometeoroid collectors. Note the "open" [[

eonfiguration of the clamshell devices. (B) "Passive" tray, located in the for#ard-facing All location and exposing 6 plates of >99% pure aluminum [{

( 1100 series), approximately 1.1 m 2 in total surface area. J_

488



ActiveInstrument(TrayA03)

Theactiveinstrumentoccupiedanentire12"deeptraylocatedin BayA03 and exposed seven sheets (-0.5 mm

thick) of pure gold (>99.99% Au), each sheet measuring approximately 57 x 20 cm (Figure la). Accounting for

fasteners and clamping devices, each sheet exposed approximately 1170 cm 2 for a cumulative surface area of 0.82 m s.

The rationale for selecting gold as collector substrate was as follows: Au has a characteristic X-ray spectrum that does

not seriously interfere with most elements of interest during energy-dispersive analyses using electron beam methods

for excitation. Also, a prerequisite for any collector medium is that it not contain elements of cosmochemical
significance and Au is not a terribly diagnostic element to distinguish among diverse classes of extraterrestrial

materials. The high malleability of gold leads to relatively large craters, again a favorable property. The major

drawback of gold is its high density, leading to substantial shock stresses and unfavorably high temperatures during

hypervelocity impacts compared to target materials of lower bulk density.

A fraction of the active CME tray, totalling approximately 1100 cm 2, was occupied by eight experimental surfaces,

each about 20 x 7 cm in size but of variable thickness to empirically determine their suitability for hypervelocity particle

capture (Figure la). They included other high-purity, mono-elemental collector plates (AI, Be, Ti, Zn, C), Kapton, and
low-density, porous Teflon filters, the latter intended to impart the least shock stresses for possible recovery of

unmelted particle remnants (refs. 8,9). None of these experimental surfaces have been analyzed in detail.

Figure la depicts the active instrument during retrieval operations in low-Earth orbit (LEO). The most

noteworthy feature in Figure 1, other than the detailed geometry and arrangements, relates to the "opened" and

exposed gold collectors. The gold actually occupied the insides of clamshell-type devices that opened and closed upon

self-contained command. The rationale for such "active" clamshells was to protect the ultra-clean gold surfaces from

contamination during all nominal ground handling and on-orbit Shuttle operations. A mechanical labyrinth seal

protected the collectors from particulate contaminants in closed position, yet not from gaseous species. Under nominal

operations, the clamshells should have opened about 10 days after LDEF deployment, and closed a similar period prior

to the scheduledretrievalbytheShuttle 9 months later. These operations had to be preprogrammed relative to the

nominal LDEF mission. In Appendix A, we detail our findings regarding the open clamshell configuration, possibly
caused by a malfunctioning closing mechanism during the unexpectedly long exposure in LEO. We conclude that the

instrument worked nominally throughout the entire LDEF mission and that the clamshells opened and closed

repeatedly, and as designed, until actual retrieval after 5.7 years.

Passive Instrument (Tray A11)

Total instrument resources were insufficient to have two (or more) LDEF trays equipped with active clamshells

and associated gold collectors. As a consequence, we utilized low-cost aluminum collectors for the second LDEF tray

(Figure lb). Commercial series 1100, tempered grade aluminum (>99% pure) was used. The total tray surface was

occupied by six individual panels (each approximately 41 x 46 cm and 3.2 mm thick) for a cumulative surface area of 1.1
ms. It was clearly recognized from the beginning that compositional analyses might be limited on these aluminum

targets compared to the gold substrate, but it was also thought that lower shock stresses induced by aluminum might

lead to less vaporization, yielding relatively large quantities of melt that should not be intolerably contaminated by

target impurities.

Instrument Locations

Recent theoretical work (refs. 10, 11) points out that effective particle fluxes and velocity distributions strongly
depend on instrument orientation relative to the velocity vector of a non-spinning spacecraft, such as LDEF or Space

Station. These new insights were not part of the initial LDEF or CME rationale, yet they are paramount in

understanding the cratering record on LDEF and associated implications for the dynamics of the hypervelocity
environment in LEO. A number of groups (Zook; McDonnell; Humes) have therefore engaged in similar, yet

complementary and in part refined calculations, as did we during the concept development of future dust collection

experiments on the Space Station Freedom.
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and man-made particles >10pm as a function of viewingdirection on a
non-spinningplatform in LEO. The initial conditions underlyingthese,

Figure 2 illustrates rome first order, general results and

depicts the effective fluxes and mean velocities of natural

particles >10 pm that encounter flat, vertical surfaces of
specific, orientations relative to LDEF's velocity vector.

Note that mean encounter velocities range from

approximately 20 to 11 km/s for surfaces that point into the

ram and anti-ram direction, respectively. Also note that

the effective fluxes between those orientations may differ

by a factor of 10. Because most impact damage is

proportional to the impactor's kinetic energy, the
combination of flux and mean velocities results in factors of

30 to 40 differences in the energy flux between ram and
anti-ram directions, a substantial difference for the design

and operation of flight systems. These model predictions

may be tested by a wide variety of LDEF surfaces. Indeed,

first order comparisons are being offered in this volume by
most dust investigators.

CRATER POPULATIONS

All CME surfaces deemed useful to obtain detailed

crater statistics by optical methods have been examined at

resolutions that appear consistent with the quality of their
calculations are largely those of reference 10. ' surface finish, none of which is of high quality. We avoided

any finishing by grinding and polishing for fear of contaminating the surfaces with embedded polishing compounds.

The finishes on both surfaces were obtained by rolling processes, with the aluminum surfaces modestly improved and

more homogenized after anodizing, using a sulfuric acid bath. The optical equipment and procedures used for crater

counting are the same ones used during the KSC surveys by the M&D SIG (ref. 12). The actual diameters measured

were rim-to-rim widths (Dr) for consistency (ref. 12), and because true crater diameters (Dc) (defined as the intercept

of the crater wall with the flat target surface) are difficult to determine, especially for relatively small craters.

The crater counts are detailed in Figure 3 and summarized in Figure 4. The reasons for including all tray lips in
these investigations are as follows: First, they represent substantial surface areas, each approximately 0.14 m 2, and

deserve documentation in their own right• Second, they are manufactured from aluminum alloy 6061-T6, the only

material common to both CME trays, and thus important for checks of internal self-consistency among our own

surfaces and especially for comparison with other aluminum 6061-T6 surfaces that abound on LDEF (e.g., ref. 13). This

alloy is used widely on other spacecraft as well, the reason why its impact behavior is relatively well documented (e.g.,

refs. 13, 14). The conversion of crater diameters to projectile dimensions and ultimately to mass should, therefore, be

the most reliable for the A1-6061 tray lips. The actual collector materials composing CME are not as well calibrated as

the tray lips, yet they should have experienced identical particle fluxes for the A03 and All locations. Analysis of the

tray lips may thus provide internal consistency checks for the calibration and interpretation of crater diameters that
accumulated on the CME collectors•

The crater statistics on the A03 tray lips also assume a pivotal role in explaining the "opened" clamshell

configuration during retrieval by STS 32. These lips were continuously exposed throughout the total LDEF mission,
but a nominally operating clamshell device permitted the gold collectors to be exposed only part of this time. As a

consequence, the ratio of absolute crater densities on both surfaces is a direct measure of the fractional time during

which the clamshells were in the open configuration.

Note in Figures 3 and 4 that the All tray crater densities are systematically higher than those of the A03 tray, for

both the lips as well as the collector surfaces. This difference is ascribed to instrument orientation relative to LDEF's

velocity vector as expected from Figure 2. The average flux in the forward-facing direction is distinctly higher than on

the trailing edge.
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The difference between the A03 tray
lips and A03 collector data, however,
cannot be due to instrument orientation.

It must reflect difference in exposure

time to an essentially identical impactor
population. The modest crater

concentrations of the gold collectors
constitute first order evidence that the

clamshells were not exposed

continuously throughout the entire
LDEF mission. The crater densities

differ by approximately a factor of 2.

PROJECTILE POPULATIONS

Conversion of tile crater diameter

measurements to projectile diameters is

a prerequisite to derive meaningful

comparisons of particle fluxes and mass

frequencies for LDEF instruments.

Note that the average initial impact

conditions will vary with specific LDEF

location as suggested by Figure 2 and

that we employed targets of different

physical properties, the latter strongly

controlling crater growth under
otherwise identical conditions.
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Figure 3. Detailed, optical crater counts performed on major CME surfaces. (A) Lips of
instrument trays,composed of aluminum 6061-T6 measuringapproximately 0.14 m2m surface
area. These two surfaces best reflect the difference between rearward and forward-pointing
directions, as the target materials were identical. (B) Crater counts on a single All aluminum
plate (scanned at University of Washington). (C) Crater counts on a total of four All
aluminum plates (scanned at JSC). (D) Crater counts on all gold surfaces (scanned at JSC).
Error bars are statisticalsampling errors (2 sigma).

We employed the experimentally determined crater

scaling relationships derived by Cour-Palais (ref. 14) and as

amended by E. Christiansen (personal communications,
1991) for all aluminum surfaces:

P =5.24Dp19/lstl-O'eS(dp/dt)O'5(V/Ve) 2/3 (equation 1)

where P is the crater depth, dt and dp the target and projectile
densities (2.7 and 2.2 g/cm 3, respectively), II=Brincll

hardness (90 and 40 for "6061-T6" and "1100, annealed"

aluminum alloys, respectively); Vc=target sound velocity (6.1
kin/s) and V=impact velocity (as extracted from Figure 2).

Hemispherical crater profiles are typical for aluminum

targets at light gas gun velocities, and crater diameter (De)

thus relates to depth as Dc=2P, with both diameter and

depth measured relative to the flat target surface (ref. 14).

The actual measurement of rim diameter (Dr) converts to
crater diameter Dc as

Dc=0.78 Dr (equation 2)
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Figure 4. Summary comparisons of all CME crater counts. Note

the general similarities in crater densities for all All surfaces that

differ substantially from those of the A03 tray lips and gold surfaces.

Differences among the All surfaces must be stochastic, yet the
differences with and among the A03 surfaces relate to decreased
effective flux and variable cumulative exposure time, res.pectively.

The latter derives from impact experiments, largely unpublished, into 1100 aluminum (ref. 15), which also found

substantial agreement with the scaling relationships (ref. 14) as expressed by equation 1.
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Calibration of the Au craters is based on dedicated

experiments conducted with an electrostatic dust

accelerator at MPI, Heidelberg, Germany, and a small

caliber light gas gun at EMU, Freiburg, Germany (e.g.,
ref. 16). Based on these data (Figure 5) a ratio of

DcfDp=5.7 was extrapolated for the gold collectors at

average encounter speeds of approximately 12 km/s.

Based on these crater scaling relationships, we

converted the measured Dc or Dr into projectile

diameters (Dp) and the results are presented in Figure

6. The following observations and possible
interpretations are offered:

a) Note that similar absolute frequencies occur on
all major All tray surfaces. The differences

observed are within statistical error (Figure3)

and we ascribe them to (expected)
idiosyncrasies of the stochastic bombardment

process.

0 ....
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• -/ /
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IMPACT VELOCITY (km/s)
Figure 5. The relationship of crater diameter and impact velocity in gold
targets based on micron-sized iron projectiles (electrostatic acoelerator)and
millimeter-sizedglass projectiles (light gas gun).

b) The difference in effective flux between the All and A03 orientations, the major purpose of this plot, is

somewhat difficult to quantify. We first note that the relative slopes of the All and A03 distributions seem to

differ subtly, if taken at face value. Itowever, if plotted in normalized form (not shown) and considering the

statistical errors illustrated in Figure 3, the impactor size frequencies could be identical between the A11 and
A03 orientations.

A statistically improved data set is needed to demonstrate whether the forward-facing surfaces do indeed

experience larger numbers of "small" impactors compared to rearwards-pointing surfaces, the first order impression one

derives from Figure 6. This impression, however, is not necessarily correct and could be driven by but a few random,

"large" impacts on both surfaces. Note that the difference at the 100/zm projectile diameter is only a factor of 2-3
between the A11 and A03 orientations.

Based on the above, we derived our best estimates for

effective fluxes or relative exposure time from 20-30/_m

diameter projectiles that correspond to craters of typically
100-180/zm in diameter, a size range that should be most

representative and statistically valid, as it avoids the poor

statistics at the large crater end and potential errors of
omission at small crater sizes. Based on these

qualifications, the All surfaces experienced approximately
a factor of 8 larger flux than the trailing edge surfaces, a

value modestly larger than that expected from Figure 2.
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Figure 6. Projectile size frequency and relative flux for the statistically
most valid CME surfaces.

The effective cumulative exposure times between the

A03 tray lip and gold collectors differ by approximately a

factor of 2. A continuously cycling "active" instrument (see
Appendix A) would expose the gold collectors for 1279 out

of 2145 days, leading to a difference of 1.68 in cumulative

exposure time. This ratio is modestly smaller than the
factor of 2 difference in crater counts, yet within statistical

error, the gold collector data indicate nominal instrument

performance. If taken literally, the observed factor of 2 would imply even less exposure time than a nominally cycling

instrument and would, therefore, result in a trend that is opposite the suspicion of a failed closing operation. We are
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thus confident that the CME gold collectors were not exposed for any time longer than that allowed by an instrument

that cycled repeatedly, by design, throughout the entire LDEF mission.

DEIrrH/DIAMETER RATIOS OF CRATERS

Absolute crater depth is a complex function of target and projectile properties that control the target's penetration

behavior and it depends strongly on absolute encounter velocity and impact angle (e.g., refs. 14, 17, 18). Of course,

these initial conditions also control the final crater diameter, leading to the concept of proportional crater cavity

growth. This concept was adopted to convert measured crater diameters into associated projectile dimensions via
equation 1. We measured the depth/diameter ratios of select craters primarily to test whether constant crater cavity

geometries apply, and whether their average aspect ratios are consistent with the geometries assumed in equation 1.

We selected a single, random panel from the aluminum and gold collectors for this purpose and measured the

depth of all craters >40 #m in diameter (i.e., 174 impacts in aluminum and 26 in gold). The observed depth/diameter

ratios vary considerably as illustrated in Figure 7.

The "standard" aspect ratio of P/De=0.5, derived from normal incidence laboratory experiments, does not apply

even to averaged crater geometries. The aluminum craters are biased towards deeper structures than the standard

crater, while the gold craters tend to be shallower. We tentatively interpret this difference with systematically different

impact velocities (Figure 2). Also, small craters tend to display much larger ranges in P/De than larger structures,
indicating substantially more variability for initial impact conditions among small projectiles. This could be due to

increased variability in velocity, and especially in projectile density, the latter ranging from compact single minerals to

relatively fluffy, low-density particles. Clearly, we do not understand these differences in detail, as a number of

interdependent factors and parameters combine into the final crater shape. The data shown in Figure7 merely serve to

illustrate the existence of large variability in P/D c. Projectile properties based on a single diameter or depth

measurement, and on an assumed and reasonable "average" initial impact conditions may yield highly model-dependent
results. While Figure 7 seemingly points towards potential pitfalls of this approach, we are not in a position to suggest

improvements.

CHEMICAL ANALYSIS OF PROJECTILE
RESIDUES
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of the compositional make-up of particles by

employing a Scanning Electron Microscope with
an energy-dispersive X-ray analyzer. Most

analyses to date are qualitative in the sense that

they relate exclusively to the major elements

present (>few percent) and that they address only

their approximate proportions as deduced from

visual inspection of associated X-ray spectra. This

qualitative assessment suffices to survey the

approximate composition of a large number of

particles and to explore overall chemical
variability. The deliberate tradeoff between

analytical precision and total number of particles

analyzed qualitatively is permitted at present to

determine overall chemical variability, and to

explore potential compositional groupings into

distinct particle types. Quantitative analysis of

every single particle is simply too time consuming

and must be limited to representative specimen,
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Figure 7. Measured depth/diameter ratios on representative CME surfaces. (A)
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scatter at small crater sizes. (C) and (D) are simple frequency histograms for the

same surfaces. Note the bias towards relatively deep structures on the aluminum

targets and towards unusually shallow structures on the gold collectors, none

averaging P/De=0.5, the prevailing model assumption of a hemispherical crater

cavity.
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or those that are unusual by any number of criteria. Our CME approach was patterned after that developed during the

analysis of Solar Max surfaces (refs. 19, 20), and after the preliminary investigation of stratospheric dust (ref. 21), all
aimed at characterizing a large number of particles.

Figure 8 portrays crater morphologies and associated projectile residues. A few general comments apply. The

presence of impactor residue is revealed with surprising ease during optical studies by a mostly dark coloration of the

crater interiors. Craters which do not display dark crater bottoms or walls will generally not contain analyzable

projectile residue. Ilowever, even dark crater liners are no guarantee that residues -- at the sensitivity levels of electron

beam instruments -- are present; a fair fraction of craters that seemed promising optical candidates contained no
analyzable residues.

A first order result of our compositional survey is that a significant fraction of the LDEF craters do not contain

sufficient projectile remnants to be detected by the SEM methods that were employed (500 s and 30 KeV) in our initial

survey, ttowever, longer count times and higher accelerating voltages would provide better counting statistics, and thus,

the resulting signal-to-noise ratio(s) might be sufficient to reveal minor traces of the impactor composition. This non-

analyzable fraction of craters is >50%, even on the trailing edge gold surfaces, where mean velocities, shock stresses

and temperatures are lowest. Compared to laboratory craters at 7 km/s (ref. 16), which yielded copious amounts of

projectile melt, wholesale vaporization (or other loss mechanisms) seems to be common at the LDEF encounter speeds.

Methods more sensitive than electron beam instruments, such as Secondary Ion Mass Spectrometry (SIMS and

associated ion beams), are needed to possibly extract impactor compositions from many LDEF craters.

Projectile materials that wc could detect and analyze with electron beam instruments occur commonly in the form
of melts draping the crater walls or floors, mostly in the form of isolated patches, that seem to have contracted from

very thin films by surface tension. Some melts have smooth surfaces, others are relatively rough and rich in vesicles.

Also, genuine melt droplets occur frequently. The melt distribution inside crater cavities is generally very

heterogeneous, rendering estimates about the mass fraction of the initial impactor that may be preserved in the crater
interior highly impractical.

Some craters contain melts, as well as unmelted projectile fragments (Figure 8c). Such unmelted fragments are of

special scientific value, as they may yield phase chemistries and mineralogic textural relationships that reflect their

conditions of formation with substantially increased fidelity compared to the wholesale melts and associated average

bulk compositions. The limited observations that we have on such unmelted fragments indicate mostly monomineralic

compositions of olivine and pyroxene (Figure 9). It is known that olivine and pyroxene are more resistant to shock

melting than many other rock-forming minerals (e.g., ref. 22) and that fine-grained components melt more rapidly than

coarse materials, especially if the fine-grained fraction is loosely packed and displays porosity (e.g., refs. 23, 24,25).

Most unmelted relicts have surprisingly uniform grain size (Figure 8c), possibly suggesting the breakup of one or more

very large crystals. The presence of monomineralic relicts in a host melt of essentially chondritic average composition

(Figure 9) is consistent with shock pressures in the 70-100 GPa range, mandating low impact velocities for the

fragment-laden craters. Nevertheless, unmelted impactor fragments occur on both the trailing edge and forward-facing
collectors, despite their substantially different mean encounter velocities. The presence of unmelted projectile

materials following hypervelocity impacts into metallic targets is an important finding in view of future dust collections

contemplated for Space Station that may employ somewhat improved collector media (e.g., ref. 26).

We have analyzed approximately 300 LDEF craters and have found the compositional classifications and

associated criteria developed during the analysis of the Solar Max surfaces (ref. 20) highly suitable for the classification

of LDEF craters as well. We delineated three major groups of natural cosmic particles, in agrecment with stratospheric

particle populations (ref. 21).

The first group is dominated by Mg, Si and Fe, with AI, Ca and S as minor components. These are roughly

"chondritic" compositions, typical for fine-grained, primitive meteorite matrices, as well as for many stratospheric

particles (e.g., refs. 1, 2, 27; Figures 8a, b and c). The next group is composed predominantly of Mg, Si, and Fe, with

some variations in the Mg/Fe ratio. Such compositions are typical for monomineralic, mafic minerals, such as
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Figure 8. Representative morphologies of hypervelocity impact craters and associated X-ray spectra of projectile residues. (A)

A "chondritic" impactor melt drapes the bottom and walls of a typical LDEF crater formed in gold, as evidenced by traces of

the target substrate in the X-ray spectrum; (B) An unusually shallow and elongated crater indicative of a highly oblique impact
angle by a natural impactor of chondritic composition; (C) Example of a rare crater displaying unmelted fragments of

pyroxenes, all of relatively uniform grain size, residing in a host melt of chondritic composition (not illustrated); (D) Man-made

debris (stainless steel) impact on trailing-edge gold substrate; (E) impact caused by paint flake on aluminum collector.
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pyroxenes and olivines, known also from stratospheric

dust or a variety of meteorites (e.g., refs. 27, 28). As
described above, most unmelted residue falls into this

category, but most of the host melts are of chondritic

composition and the entire particle would, therefore,

be classified as chondritic. The third particle class is

essentially monomineralic and represents Fe-Ni-rich
sulfides, also known as discrete phases from

carbonaceous chondrites and stratospheric particles

(e.g., ref. 27). Therefore, particle types 1-3 observed

in LDEF craters resemble those recognized in the

stratospheric dust collections or primitive meteorites.

This assignment to otherwise unspecified "natural"

sources rests heavily on current cosmic dust and

meteorite research, as well as on general geochemical

and petrological arguments applicable to natural
silicate systems.

Compositions that do not fall into any of the

above three categories are strong candidates for man-

made projectiles, as has been argued in the Solar Max

case as well (refs. 19, 20). Most cannot be derived

from silicate melts typical of geologic systems or from

vapors that have elemental abundances similar to the

overall solar systcm (e.g., ref. 5). Any particle
dominated by Fe, yet also containing substantial

SI

Mg _ Fe
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_ _DA:3$0,
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• LDA-2
LDA-I13
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\

_'igure9. Quantitative analyses of select residues of natural projectiles that
occurred in the form of unmelted fragments of pyroxene or olivine, typically
associated with wholesale melts of different (chondritic) bulk composition
that most likely reflect the particles' fine-grained matriees. Large circles
reflect "monomineraliC, unmelted fragments, while small squares represent
the composition of melts. Note that some melts may have nearly
monomineralic composition, a common oocurrence in shocked, particulate
targets.

amounts of Ni and Cr (Figure 8d) does not seem to be a natural material on geochemical grounds, but must be

interpreted as stainless steel on account of the high Cr content. Also, a particle almost exclusively made up of Ti and
Pb (Figure 8e) seems incompatible with any reasonable natural substance, yet is a good match for paint pigments.

Indeed, many particles of mono-elemental compositions seem excellent debris candidates, as are particles devoid of Si.

In brief, substantial geochemical and petrogenetic arguments combined with knowledge of the sorts of man-made

materials that exist in LEO can be used to distinguish between natural and man-made projectiles on a case by case

basis. On occasion this distinction becomes difficult. For specific endmember compositions the distinction is easy, and

in most cases assignment to natural and man-made sources can be made with confidence. We do not, at this time,

present specific subgroups of man-made debris, because they display much more chemical variety than natural

projectiles. Clearly, some groupings such as pure metals, alloys, and non-metals such as paints or composites, may be

recognized with an increased data set.

Figure 10a relates to the rearward-facing gold collectors. It represents a complete survey of all craters >50 k_m in

diameter, combined with a representative set (approximately half of the total population) of craters between 20 and 50

#m, as well as some samples (-20% of observed population) between 10 and 20 #m. None of the <50/zm craters were
selected on the basis of color or any other criterion, because we desired to analyze a "representative" suite of craters (in

contrast to the Aluminum collector surfaces described below).

Note in Figure 10a the large fraction of craters that did not contain residue (134 of a total population of 196); even

large structures may not possess analyzable residues. Approximately 1/3 (21 of 62) of the craters that do contain

residue were caused by man-made debris; this represents approximately 10% of the total crater population on the gold

collectors studied to date. This is an unexpectedly high number of man-made impactors on LDEF's trailing edge, where

orbital debris contributions should be vanishingly small (e.g., refs. 10, 11). It appears that contributions from highly

elliptic orbits (geosynchronous sources) may have been underestimated in the past, a potentially significant result for
orbital debris concerns. This conclusion, however, remains tentative until we and others confirm and quantify the

possible flux of debris particles on LDEF's trailing edge. Indeed, the active Interplanetary Dust Experiment (IDE; ref.

29) advocates independently the existence of a co-orbiting dust cloud that impinged on their rearwards-pointing LDEF

sensors. This cloud is interpreted as man-made debris on dynamic grounds by the original workers (ref. 29), yet others
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have suggested a natural source (ref. 30). Regardless, our chemical analyses reveal debris impacts on LDEFs trailing

edge supporting, at least in part, the largely dynamic arguments and conclusions derived from IDE.
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Figure 10. Overview of CME crater populations and associated projectile
sources, arranged by crater size. (A) CME gold collectors; (B) A03 tray
lips and (C) All tray lip. Note the presence of man-made debris on
LDEFs trailing edge and the preponderance of debris particles producing

"small" craters, especially on the All tray lip. For detailed classification
criteria and other discussions see text.

We now turn to Figure 10b which depicts the

current status of projectile analysis on the A03 tray lips,

also pointing into the trailing direction. However, the

statistics are not necessarily representative. These lips
were our test surface used to sharpen analytical

procedures, yet their intrinsic contaminants (total of

2.2%) provide omnipresent noise and background

problems, and especially Fe and Ca are heterogeneously

distributed throughout the alloy. In addition, these
surfaces were contaminated with outgassed RTV or

thermal paint forming Si and Ca-rich deposits (ref. 31),
and abundant Na and C1, including NaC! crystals

derived during ground handling at KSC. We analyzed

all craters >100 /xm, but only optically promising

candidates (dark colored liners) for structures < 100/zm

in diameter on the A03 tray lips.

Again, we observe man-made debris particles on a

trailing edge surface, constituting approximately 1/3 of

all craters > 100/zm, but an ill-defined fraction of the
craters < 100/_m. Note that we distinguish a "Ca-rich"

class of craters on the A03 tray lips. The Si-Ca-rich

outgassing deposits (ref. 31) drape some craters to the
degree that their signal totally overpowers any potential

projectile residue. Quite frequently, this material is

asymmetrically distributed in individual craters

consistent with macroscopic evidence of highly laminar
flow for the so called "nicotine" stains. The presence of

this deposit in a fair number of craters must have

implications to the temporal history of outgassing of
diverse materials on LDEF.

The analyses of the All tray are illustrated in
Figure 10c. In this case, we analyzed every crater >500

_zm and a selected population of optically promising
residue candidates at smaller sizes, which included

basically all candidates >100 /zm in diameter and a

randomly selected fraction of candidates at < 100/_m in

diameter. Due to these selection procedures, the observations on All may not be readily compared with the A03
observations. Nevertheless, the ratio of natural to man-made particles seems modestly higher on the forward-facing

tray, approximately 40% of all analyzable residues (yet an undefined fraction of the total). We have not analyzed, in

systematic fashion ,the crater populations on the A1 1100 collector surfaces of the All tray.

In summarizing Figure 10 it appears that "large" craters seem to be predominantly the result of natural impactors.

The largest debris craters have diameters of 220, 500 and 370 pm on the gold collectors, and the A03 and A11 tray lips,

respectively (Figure 10). This size-dependent effect is particularity pronounced on the All tray lip, where "small"

craters are distinctly biased towards man-made particles. This may be consistent with the observed projectile size

frequencies (Figure 5) that may indicate increased numbers of "small" debris particles in the forward direction.
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SUMMATION

This report summarizes the current status of the analysis of the Chemistry of Micrometeoroid Experiment. All
optical characterizations are substantially complete, but chemical analysis of projectile residues has just begun.

The optical studies yield spatial densities of craters and resulting relative particle fluxes in substantial agreement

with existing dynamic models in that effective fluxes are higher by a factor of approximately 8 in the All forward-facing

direction. Also, the size or mass frequency of impactors seems to vary and the forward-pointing directions seem to

experience numerous, additional small particles which we ascribe to man-made sources. Furthermore, the depth-

diameter investigations seem to suggest substantially more variability in the initial impact conditions among "small"

impactors, such as widely differing encounter velocities and a wide range in projectile densities, compared to more

massive projectiles (e.g., ref. 13). These findings, on an individual experiment, exposed in two different orientations

relative to LDEF's velocity vector, demonstrate the significant advances that can be made from the analysis of all LDEF

surfaces to improve our understanding of most aspects of the hypervelocity particle environment in LEO.

The chemical analyses concentrated on survey-type assessment of compositional variability among all impactors.

Three major types of natural cosmic-dust particles could be identified: 1) particles of "chondritic" compositions; 2)

monomineralic, mafic silicates such as olivines and pyroxenes; and 3) Fe-Ni sulfides. These particle types have strong

affinities to those observed in the stratospheric dust collections. We also observed man-made debris particles, such as

metals and paint flakes. However, at present we are unable to specify the relative abundance of man-made and natural

particles in LEO. On the one hand, our analyses are not sufficiently systematic, and on the other hand, we cannot
characterize the impactors for >50% of all craters, because their residues, if present, are below the detection limit for

the electron beam instrument(s) and methods employed. More sensitive analytical methods, such as SIMS, are needed

to obtain a more complete overview of impactor compositions and potential origins.

Nevertheless, two important results emerged from these preliminary SEM analyses. We found unmelted fragments

of olivine and pyroxene, a discovery that substantiates the expectation that unmelted impactor fragments may be

recovered by improved capture media on future dust experiments in LEO. The other significant result relates to the

presence of man-made debris on the trailing edge, which suggests that the role of particles in highly elliptical orbits

from geosynchronous sources may have been underestimated in the past.
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APPENDIX A

The Problem

The active experiment (A03) employed two pairs of moveable clamshell-type devices that were closed at the time

of LDEF deployment, but were scheduled to open approximately 10 days later. Nominal closing was scheduled to occur

on mission-day 298. tlowever, the instrument was found to be open at the time of LDEF retrieval, giving rise to the

possibility that the closing operation(s) failed.

Instrument Design

The two clamshell pairs were totally independent mechanically, each pair having its own driveshaft, motor, battery-

power, etc. This redundancy permitted potential mechanical failure of one pair of clamshells, while the other pair

could still function nominally. However, both motors were controlled from a single electronic sequencer, with the latter

being powered from a third battery. The sequencer contained a hexadecimal clock of 256 time intervals, each interval

lasting two days. During design of this system, no provision was made to prevent this clock from recycling after 256

intervals, (i.e., 512 days) of mission elapsed time, because the retrieval of LDEF was scheduled much earlier.

Therefore, by design, the instrument could open and close indefinitely, the only constraint being battery-lifetime to

power the sequencer or motors.

Post-Flight Inspection

Both sets of clamshells were fully extended (i.e., open) and it appears unlikely that any mechanical failure occurred;

there was no evidence that either pair attempted to close. In addition, all three batteries were found to be sufficiently
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charged to service and drive all CME systems. Unfortunately, the original ground-support system(s) were not available

at KSC in 1990, particular an external frequency generator used to speed up the internal clock during assembly and pre-

launch tests. Furthermore, the designer of the sequencer was unavailable for consultation so there remains doubt as to

whether suitable equipment, procedures, or both were used during these post-retrieval tests; the clock simply would not

respond to the external signals. A modified procedure was devised that electrically bypassed the clock and that resulted

in successful closure of the clamshells. The rate of clamshell movement was nominal, as were motor torques and start

up amperages, attesting to the mechanical integrity of all systems, as well as the electrical systems, except for the clock.

Following clamshell closure it became evident that interior surfaces of the instrument had been exposed to the space

environment (i.e., craters were observed). The latter demonstrates that the instrument must have been closed for some

time, and precludes the possiblity that the clamshells remained open throughout the entire LDEF mission.

Diagnosis

There was no positive design feature to shut-off the internal clock after completion of the first closing-sequence

(day 298), or after completion of the clock's first full cycle (day 512). All systems were permitted to operate indefinitely

in cyclic fashion with battery-power being the only limiting factor. The deployed or open clamshells found during STS

32 retrieval operations are consistent with CME's cycle period; the battery status permitted multiple cycling as well.

Craters found in the instrument interior demonstrate that opening, closing, and opening operations occurred at least

once. The crater populations on the gold collectors relative to those on the continuously exposed tray lips are

consistent with a continuously cycling CME, but are inconsistent with failure of a closing sequence. The evidence

suggest that the active CME instrument was still functioning nominally at the time of LDEF retrieval.
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SUMMARY

One hundred capture cells from the trailing edge, which had lost their cover foils during flight, were

optically scanned for extended impact features caused by high velocity projectiles impinging on the cells
while the foils were still intact. Of 53 candidates, 24 impacts were analyzed by secondary ion mass

spectrometry for the chemical composition of deposits. Projectile material was found in all impacts, and at

least 75% of them appear to be caused by interplanetary dust particles. Elemental ratios are fractionated,

with refractory elements enriched in the impacts relative to interplanetary dust particles collected in the

stratosphere. Although this could be due to systematic differences in the compositions, a more likely

explanation is volatility fractionation during the impact process.

INTRODUCTION

The main scientific objective of LDEF experiment AO187-2 was the collection of interplanetary dust

material in space and its elemental and isotopic analysis in the laboratory. Although interplanetary dust

collected in the upper atmosphere has been available for analysis in terrestrial laboratories for more than a

decade (e.g., refs. 1, 2), the stratospheric collection undoubtedly is biased since not all extraterrestrial dust

particles entering the Earth's atmosphere are collected. For example, cometary dust particles have, on

average, a higher velocity and are therefore expected to have a much smaller survival probability of

atmospheric entry than dust grains originating from asteroids (refs. 3, 4). In order to obtain an unbiased

sample of interplanetary dust it is necessary to collect this material in space. LDEF provided an

unprecedented opportunity for this purpose, combining large collecting areas with long exposure times.

A fundamental problem for the collection of interplanetary dust material is the high relative velocity

of dust grains (10-15 km/sec). At these high velocities a major fraction of projectile material is lost upon

impact with most collection surfaces. A viable compromise is to forgo the collection of solid dust grains

503 .

PRECEDING PAGE BLANK NOT FILMED



or fragments thereof and to concentrate on the collection of their atoms in capture cells. LDEF carded

several capture cell experiments (AO023, AO138-2); the principle of AO187-2 is shown in Figure 1. A

target plate is covered by a thin foil separated by a small distance. A high velocity dust grain of sufficient

size penetrates the foil and normally is disrupted in the process, spreading out into a shower of debris.

This shower impacts the target plate, being further disrupted, melted and vaporized. The projectile

material ejected from the impact zone is collected on the backside of the foil and then analyzed.

Micrometeoroid

_I_ /Au-Pa coat (I00 A*)

_._P)'P_;P)'_')'2Z')'P)P.,;)',;'2---p Ias t 1c ro11(2.5 _tm)

I 4,77 ........ \0.2ram EJecta ', '_ / Tac0at(100OA*)

--Ge target

Figure 1. Principle of capture cell of experiment AO187-2.

A series of simulation experiments on laboratory dust accelerators proved this concept to be viable

(refs. 5-7): projectile material could indeed be collected on the surface of the target plate and the backside

of the foil and its elemental and isotopic composition measured. Since the collected material exists as a

thin surface deposit, secondary ion mass spectrometry (SIMS) with its extremely high surface sensitivity

proved to be the best-suited analysis technique. In fact, since one of the main objectives Of the experiment

was the isotopic measurement of dust material, AO187-2 was originally conceived and optimized for

SIMS analysis. The choice of materials was largely determined by the requirements for extreme purity and
high ion yields for SIMS analysis.

EXPERIMENT DESCRIPTION AND PRELIMINARY ASSESSMENT

LDEF experiment AO187-2 consisted of 237 capture cells, each 8.6 x 9.4 cm in size. A capture cell

in turn consisted of four polished high purity germanium plates, 42 × 39 x 0.5 mm, covered with a plastic

foil separated from the Ge plate by 2001.tm. The Ge plates were glued to an A1 base plate, the 2.5 i.tm thick

mylar cover foil was coated with 1300/_ of Ta on the backside and 100/_, of Au-Pd on the front side. Ta

was chosen to optimize the SIMS analysis of deposited projectile material; Au-Pd was chosen to protect

the foil from erosion by atomic oxygen in the residual atmosphere impinging on the leading edge of LDEF
(refs. 8, 9).

The capture cells occupied locations on three different trays. A full tray, E8, on the leading edge

contained 120 cells, 77 cells were mounted on tray E3 and 40 took up a third of tray C2, both on the

trailing edge. By having capture cells on both the leading and the trailing edge, the experiment was

expected to obtain information on both interplanetary dust and man-made space debris in low Earth orbit.

After the return of LDEF it was found that all capture cells on the leading edge tray E8 had lost their

plastic-metal foils and only 12 cells on the trailing edge had retained them, 11 on tray E3 and one on tray

C2. Four capture cells from tray E8 and 5 cells without foil from tray E3 were shipped to Messerschmitt-

Bflkow-Blohm in Germany, the rest of the cells went to Washington University. At present we do not

know why the foils failed or when this happened. The fact that 12 intact cells were found on the trailing
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edgeindicates that the failure mechanism
probably was not the same for the two
locations. Atomic oxygen erosionstarting
from impactholesor spotswith damagesin
theprotectivemetalcoatingis a likely cause
for the completefailure of the cells on the
leadingedgeof trayE8. Thecapturecellson
the trailing edge, however, never were
exposed to an atomic oxygen flux. A
combinationof embrittlementby solar UV
andstressfailure under thermalcycling is a
possiblecausebut this hypothesishasto be
substantiatedby future tests. If we assume
thatthefailure of foils on thetrailingedgeis
anexponentialfunction of time, 67%of the
cells would havebeenstill intact after one
year, the nominal deploymentduration for
LDEF.

Preliminary optical microscope
examinationof cells from the trailing edge
that had lost their cover foils (bare cells)
showednumerous"extendedimpactfeatures"
aswell astypicalhypervelocityimpactcraters
producedby directhits. Theextendedimpact
features resembled laboratory simulation
impactsproducedby projectile materialthat
hadpenetratedplasticfoils andhadsuffered
disruption. Apparently,theextendedimpact
featuresfound on the bareLDEF cells were
producedby high velocity impactsonto the
cells while the foils werestill intact. Since
prior simulation studies(ref. 7) had shown
that extended impacts on the Ge plates
containedsufficient projectile material for
chemicalandisotopicanalysisby SIMS
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Figure 2. Lateral elemental profiles across plastic
foil and Ge wafer of the same simulation impact.

(Fig. 2), we first concentrated our analysis effort on the extended impacts found in the bare LDEF capture

cells from the trailing edge (trays E3 and C2). These were the best candidates to contain impacts of

interplanetary dust particles with a minimum contribution from orbital debris. Furthermore, foil survival

on 10% of trailing edge cells compared to none on the leading edge indicated that even foils that failed

lasted, on average, longer on the trailing than the leading edge.

All 100 bare capture cells from E3 and C2 in our possession were optically scanned for impact

features. During the scanning we developed criteria for the classification of these impacts and for the

selection of candidates for SIMS analysis. All selected candidates were further documented in a scanning

electron microscope (SEM). To date, a subset of these candidates has been analyzed by SIMS for the

chemical composition of deposited material.
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OPTICAL AND SEM CHARACTERIZATION

All bare cells in our possession from the trailing edge, 61 from tray E3 and 39 from tray C2, were

scanned under oblique illumination in an optical stereo microscope with a 12× objective and 20× eyepiece.

The A1 plates with the Ge wafers were mounted on a scanning stage whose position could be read with an

accuracy of 50 I.tm. The wafers were scanned a row (of 6.0 mm width) at a time. Recorded were the

locations of impact features and their sizes and other interesting properties. Among the impacts we

distinguished between "craters" and "extended impacts." Since Ge is very brittle, craters produced by

direct hits (i.e. without penetration of a foil) are not likely to contain much residual material from the

projectile and this expectation was confirmed by subsequent analysis. Figure 3 shows a SEM image of a
crater.

The extended impacts are the most

interesting since they are expected to

contain projectile material. They range

from 200 l.tm to 4000 I.tm in diameter and

were divided into two categories, A and B.

Category A comprises larger impacts that

are expected to contain deposits and are

high priority candidates for SIMS analysis.

Category B impacts are smaller and will be

studied last. Features that could not be

recognized with certainty as extended

impacts in the optical microscope were

classified as "possible extended impacts

(Category A or B)," and were examined in
more detail in the SEM. Figure 3. Crater produced by hypervelocity

impact onto Ge wafer without cover foil.

Extended impacts of category A and B
were further classified into four sub-

categories according to their morphology.

1) Craters surrounded by deposits (CD).

2) Ring-shaped features (RI).

3) Sprays (SP).

4) Spider webs (SW).

Figure 4 shows SEM micrographs of one of each morphology. The more detailed SEM images revealed

that in many cases an extended impact showed features of different categories (e.g. a crater surrounded by

deposits also had spider web features).

Scanning in the SEM was performed with a twofold purpose:

a) To check all features that had been classified as "possible extended impacts" during the initial

optical scanning to determine which of them are true "extended impacts."

b) To document in detail all extended impacts to be selected for SIMS analysis.

Table 1 gives a summary of the results of the optical scanning. So far, 98 of 157 possible extended

impacts have been examined in the SEM and five of them have been reclassified as extended impacts (2

CD, 3 RI).
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Figure 4. Morphologies of extended impacts: Craters surrounded by

deposits (upper left), ring (upper fight), spray (lower left), and

spider web (lower fight).

Table 1. Classification of impacts on bare

capture cells from the trailing edge

Extended Impacts CD RI SP SW Total

A 14 8 8 23 53

B 5 42 94 14 155

Possible Extended

Impacts A 157
B 177

Craters 203

During the SEM documentation of extended

impacts energy dispersive x-ray (EDX) spectra

were obtained in most cases, especially if

fragments were observed in the area of the

impact. However, fragments usually turned out

to be pieces of the Ta coating of the mylar foil or

other apparent contaminants. Generally it was

not possible to detect any elements besides Ge.

An exception was Si which is present in

quantities detectable by EDX on all Ge wafers
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from the leading and trailing edge. The Si concentrations on the wafers are non-uniform, being highest on

the edges and lowest in the middle of the Ge plates. The most likely cause for this ubiquitous Si

background is outgassing or migration of the RTV used to bond the Ge onto the A1 substrate (in spite of

the space rating of this material). This unfortunate circumstance deprived us (with a few exceptions) of the

opportunity to measure one of the most important cosmochemical elements in the projectile deposits.

A comparison of the extended impact features on Ge from the trailing edge and simulation impacts

produced on the same foil-target assembly in the Munich plasma dust accelerator (refs. 10, 11) at velocities

between 3 and 8 krn/sec shows significant differences. The LDEF impacts are, on average, larger and

much more irregular. The simulation impacts usually are spider webs with a high degree of rotational

symmetry or ring-shaped features with typical diameters of 100-200l.tm. There are two possible

explanations for the large irregular impact features found on the Ge plates from the trailing edge. One is

that many impacts were produced by projectiles that hit the capture cells at oblique angles. The second is

that the foil had already been damaged and some of it had curled up when the impact occurred, leading to a

much more complex foil-target geometry than for the simulation impacts, which were produced at normal

incidence.

SIMS ANALYSIS OF EXTENDED IMPACTS

For SIMS analysis the Ge wafers were cut into smaller pieces containing extended impacts of

interest. This was done by a newly developed laser cutting technique, which avoids any of the

contamination incurred by sawing. A CW YAG laser beam of 1.06 t.tm wavelength was focussed onto the

rough backside of the Ge wafer (this side has a higher absorption at this wavelength than the polished

front side). At a power of 50 W a short scan across the wafer at a speed of 5 cm/sec was sufficient to

cause a break along the scanned line most of the time. Sometimes the wafers broke along other defects or

along crystal boundaries; however, in all such cases intact pieces of appropriate size could be obtained for

ion probe analysis.

To date 24 of a total 53 extended impacts of category A have been analyzed by SIMS for the

chemical composition of projectile deposits. All measurements were made on the Washington University

ion microprobe, a modified CAMECA IMS 3f instrument. For chemical analysis we obtained lateral

scanning profiles across the impact features. For this purpose at each analysis point an O- primary ion

beam of 1-2 nA current was rastered over an area of 401.tmx401.tm. As the primary ion beam sputtered

away the surface of the analyzed sample layer by layer, positive secondary ions selected from the central

portion of the rastered area by a beam aperture were mass analyzed in a double focussing magnetic mass

spectrometer and counted by an electron multiplier detection system.

Multi-element depth profiles are obtained by cycling the mass spectrometer through a set of isotopic

masses of the selected elements. After analysis of a given area consisting of 40 cycles the sample is

stepped (by 40 or 50 lam) to the next area. Fig. 5a shows a SEM micrograph of an extended impact after

two step-scanning analyses were made on this sample. The individual depth profiles were integrated over

cycles 4 to 40 to obtain lateral profiles in the form of the integrated secondary ion intensity as a function of

lateral distance. The first three cycles were not included in order to reduce the effect of surface

contamination and because a variety of artifacts are encountered during sputtering of the very surface.
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Ion signals associatedwith material
from theimpactscould bedetectedin all 24
analyzedimpact areasbut large variations
wereobservedbetweenindividual impacts.
For example, the ratio of the maximum
24Mg+ signal to the 72Ge+signal for an
individual lateralintensityprofile variesover
almost5 ordersof magnitude.

The ideal caseis shownby theprofile
of Fig. 5b,which correspondsto thetopscan
in Fig. 5a. This scan has well defined
maximafor all the isotopicmassesmeasured
exceptfor 72Ge+.It is oneof the few cases
where the 28Si+ also displays a clear
maximum above background; the latter,
however, is much higher for this element
than for all the others (since the yield of
positivesecondaryionsis lessfor Si thanfor
Mg, AI, Ca and Fe; this discrepancyin the
backgroundis actually much larger than is
indicatedby theplot of Fig. 5b). Theprofile
acrossimpactEO3-2-19C-1is alsooneof the
few which gives a clear signal for Ni + at
mass 60. The reason is that the signals
associatedwith impactdepositsarerelatively
high compared to the Si background. In
most other cases, thesesignals are much
lowersothatthemolecularinterferencefrom
28SIO2+dominatesat mass60.

In order to obtain elemental
abundances, the ion yields of different
elementsaswell asthe isotopic abundances
haveto be takeninto account.Table2gives
sensitivityfactorsS relative to Si so that

CEt _ Iei /Sel/si
Csi Isi

where C are the atomic concentrations and I

are the secondary ion signals (corrected for

isotopic abundances) for the element of
interest and the standard element Si. The

sensitivity factors were determined from

measurements on four different glasses

(Lunar Analog Glass, Solar Glass NTR-1,

Window Glass and Dunite Glass).
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Figure 5. Ion microprobe elemental scans across

impact E03-2-19C-1. Profiles in b and c corre-

spond to the upper scan in the SEM micrograph.
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Because of the problems with Si contamination of the Ge

wafers we normalized the lateral intensity profiles to Mg by applying

the relative sensitivity factors of Table 2. The resulting profiles of

atomic elemental ratios are shown in Fig. 5c. One feature typical for

almost all impacts is apparent from this figure: elemental ratios

change across a lateral profile or, in other words, the deposits from

the impact have different spatial distributions for different elements.

For example, the Fe/Mg ratio has a minimum at lateral position 200

_tm, where all the elements show a maximum, and changes by more

than a factor of two 80-100 t.tm to the left and right of the maximum

position. This can also be seen directly in Fig. 5b where the 56Fe÷

profile is slightly wider between positions 100 t.tm and 300 lam than

the 24Mg+ profile. This means that Fe apparently is distributed over

a wider area than Mg.

Table 2. Secondary ion

sensitivity factors

relative to Mg.

Element S

Na 3.28 +. 15

A1 0.77 + .09

Si 0.13 + .01

Ca 1.47 + .24

Ti 0.50 + .04

Cr 0.38 + .15

Mn 0.51 + .09

Fe 0.47 + .07

Most impacts show even more complex

distributions of the deposited elements. An

example is impact CO2-1-20D-2 whose SEM

micrograph after SIMS analysis is shown in

Fig. 6a. The corresponding lateral intensity

profile is displayed in Fig. 6b. There are

several interesting observations to be made

on this impact, which was classified as CD

(crater with deposits). The first is that the ion

signals of elements apparently deposited from

the projectile (Mg, Ca, Fe) are much lower in

the crater itself (dip in the middle of the

profile) than in surrounding areas. Secondly,

the concentrations of Mg and Fe are much

higher to the left of the crater than to the

right, although on the SEM micrograph the

area to the right shows much more

"structure" in the impact. The reason for this

apparent paradox is that what is "seen" in the

SEM is mostly damage to the Ge surface by

high-velocity debris from the impact, which,

however, contains only little deposited

material, while the deposits themselves are

not seen in the SEM. Finally, in this impact

different elements have very different spatial

distributions: the 56Fe+ signal is higher than

the 40Ca+ signal to the left of the crater, but

lower to the right. It is likely that such

changing elemental ratios reflect

heterogeneities in the chemical composition

of the original projectile.
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An even more extreme example of elemental heterogeneity is shown in Fig. 7, depicting a large

extended impact (C02-1-14C-2) classified as SW (spider web) together with the results of two lateral

scans (the short scans in the SEM micrograph). Not only do the absolute concentrations differ between

the two scans (Fig. 7b,d) but there are also large differences in the elemental ratios (Fig.7c,e).

The non-uniform distribution of different elements in the deposition area of a given extended impact

makes it difficult to obtain average elemental ratios. As a compromise we have taken elemental ratios

determined at the maximum of the 24Mg+ signal for a given scan. Histograms of these elemental ratios are

plotted in Fig. 8 together with histograms of the same ratios measured by SIMS on individual stratospheric

dust particles of probable extraterrestrial origin (ref. 12). Chondritic compositions are indicated for

reference. The ratios measured in projectile deposits on the LDEF Ge wafers not only show much wider

AI/Mg Chond. LDEF

1 IDP

•001 .01 0.1 1.0 10

Ti/Mg I LDEF
Chond.

Ca/Mg 1 LDEF
Chond.

.001 .01 0.1 1.0 10

I LDEF
Fe/Mg Chond.
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Figure 8. Histograms of elemental ratios in LDEF deposits
and interplanetary dust particles.



distributions than those of IDPs but the mean of

the distributions are systematically shifted relative

to one another. This shift is toward lower values

for Fe/Mg but toward higher values for the other

three ratios, A1/Mg, Ca/Mg, and Ti/Mg.

There are at least two explanations for these

differences. The first is simply that the particles

whose material was collected on the Ge wafers

on LDEF have chemical compositions that differ

significantly from those of IDPs collected in the

stratosphere. The second is that the impact

process caused strong fractionation between the
elements so that the compositions of the deposits

do not accurately reflect those of the projectiles.

One reason the particles that impacted LDEF have

compositions different from IDPs could be that a

major portion of them are not interplanetary dust
but man-made debris. This, however, is unlikely

in our case. First, collection on the trailing edge

discriminates to a large extent against orbital

debris. Furthermore, Mg is the dominant

element in most impacts compared to Fe, A1, Ca

and Ti. This is not expected for most man-made

debris in orbit, which in this size range is

presumably dominated by Al-oxide particles

from the exhaust of solid fuel rockets.

Moreover, we did not detect any impacts that

contain primarily A1 (Fig. 9).

Before we consider the possibility of

differences in the chemical composition of

interplanetary dust particles collected on LDEF

and in the stratosphere, we have to discuss

elemental fractionation during the impact process.

There is evidence for such fractionation from

simulation impacts onto the same foil/Ge wafer

targets as flown on LDEF. The analysis of 12

extended impacts on the Ge produced by Lunar

Analog Glass and Solar Glass showed

fractionation between Mg and the other elements

in the deposits with average fractionation factors

relative to Mg of 0.28 for Fe, 0.58 for Si, 1.60

for A1, 1.95 for Ti and 2.41 for Ca. A

fractionation factor smaller than one means that,

compared to the projectile, less of the element is

found in the deposition area than Mg and the
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oppositeis thecasefor fractionationfactorsgreaterthanone.We notethatelementalfractionationsare
relatedto therelativevolatilitiesof theelementsduringhightemperatureevaporationandcondensation:the
elementsFeandSi aremorevolatilethanMg andaredepletedin thedepositsrelativeto Mg while A1, Ca

and Ti are more refractory and are enhanced relative to Mg.

During the impact apparently a large part of the projectile either melts or evaporates. Elements with

different volatilities behave differently during this process. More volatile elements such as Fe are almost

completely vaporized and expand into a larger volume before they condense onto the Ge and foil surfaces.

More refractory elements, on the other hand, either remain in the melt or, if they evaporate, condense

sooner and therefore onto a more limited area. Except for the (small) fraction that escapes through the

penetration hole, all of the projectile material is retained inside the capture cell but some (preferentially the

more volatile elements) is distributed over such a large area that it is lost in the background. For example,

if the material of a 101.tm projectile is spread out over an area of 1 mm diameter, its thickness is only 2.5

atomic monolayers, only 1/6 of a monolayer for the 4 mm largest observed extended impact.

Figure 9 shows scatterplots of pairs of elemental ratios for the LDEF deposits and individual IDPs.

Also shown are the chondritic compositions and the shifts in these compositions if this material

experienced the same elemental fractionations as those determined in the impact simulation experiments.

The differences between most LDEF deposit compositions and the IDP compositions qualitatively agree

with the shifts expected from fractionation during impacts, except that the differences are much larger than

the shifts predicted from fractionation. However, we cannot exclude the possibility that elemental

fractionations are actually much higher during impacts on LDEF than during simulation impacts. We have

already pointed out that the LDEF extended impacts on the Ge are generally much larger than the

simulation impacts from which the above fractionation factors were derived. It is reasonable to expect that

elemental fractionation factors increase with the size of the extended impact feature. However, the

uncertainty in this extension, the extremely irregular structure of most impact features and the fact that the

fractionation factors undoubtedly depend on the composition of the projectile itself set a fundamental limit

to the extent to which the projectile composition can be derived from the measured composition of the

deposits.

Tentatively we can identify most of the LDEF impacts as being caused by cosmic dust particles. Six

data points in Fig. 9 fall completely outside of the predicted Vend due to elemental fractionation (they are

enclosed in ellipses in the Figures). Four of them have extremely high AI/Mg, Ti/Mg and Ca/Mg but al_so

very high Fe/Mg and are likely to be contaminants. The other two have low A1/Mg ratios. This leaves us

with 18 (75%) impacts of likely interplanetary origin. While some of them have only little deposited

material, some have plenty of it (see, e.g., Figs. 5, 6 and 7) and are candidates for future isotopic

measurements. We also plan additional chemical analyses of elements that can easily be detected as

negative secondary ions such as C, O, and S.
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CONCLUSIONS
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SIMS analyses of 24 extended impact features on Ge surfaces from "bare" trailing edge capture cells

show evidence for projectile material in all of them, but there are large variations in the detected
concentrations.

The deposits are very thin and cannot be detected by EDX analysis; SIMS appears to be the only
method to detect them.

Elemental concentrations on the Ge do not correlate exactly with impact features seen in the SEM

images; the latter are dominated by damaged regions which contain little projectile material.

There is evidence for large variations of elemental ratios within a given extended impact, indicating a

heterogeneous chemical composition of the projectile.

Comparison with simulation impacts indicates that most LDEF impacts analyzed by SIMS were

caused by small (<10t.tm) projectiles.

At least 75% of the analyzed impacts appear to be from interplanetary dust particles but elemental

ratios scatter much more than those measured in IDPs collected in the stratosphere.

Elemental ratios are also shifted compared to IDPs, with refractory elements being relatively

enriched. These shifts are likely to be due to elemental fractionation effects caused by evaporation

during the impact process, but systematic differences between IDPs and LDEF impacts cannot be

ruled out.

FUTURE WORK

Fractionation effects should be much less pronounced in isotopic ratios than in elemental ratios.

Moreover, such effects will not obscure large anomalies of specific isotopes (if present) such as those

found by us in studies of interstellar grains isolated from meteorites (ref. 13). As a consequence, future

work will concentrate on isotopic measurements in those impacts that have been found in our initial survey

to contain sufficient amounts of projectile material.

We have also refrained from studying the 12 intact (precious) capture cells until our handling and

analysis techniques had been perfected on the more abundant, extended impacts found in the bare cells.

The analysis of the intact cells should provide a critical test of the usefulness of our capture cell concept

for future space flight experiments.

Detailed studies of impacts on the cells from the leading edge tray E8 should yield data relevant to

the orbital debris problem. The ratios of extended impacts to single craters in these cells should allow us

to determine when the plastic cover foils failed on the leading edge capture cells.

This work was supported by NASA Grant NAG-l-l174 and ESTEC AOP/WK/303284.
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IDE OVERVIEW

The purpose of the LDEF Interplanetary Dust Experiment (IDE) was to sample the cosmic dust
environment and to use the spatio-temporal aspect of the experiment to distinguish between the various
components of that environment: zodiacal cloud, beta meteoroids, meteor streams, interstellar dust, and
orbital debris. The experiment, as well as preliminary results, has already been described in some detail
elsewhere [ref. 1]. Six panels of detectors were carried on orthogonal faces: Earth, Space, East (ram, or
leading edge), West (wake, or trailing edge), North and South faces. Each panel contained detectors with
two different sensitivities. Approximately 60% of the detectors on each panel were the more sensitive type

(0.4 I.tm dielectric thickness, refered to as "4"), while the remaining 40% were the less sensitive variety
(1.0 p.m dielectric thickness, refered to as "10"). Preflight calibrations indicated that the sensors' lower
limits of detection, for hypervelocity particles, were roughly 0.2 l.tm and 0.5 I.tm diameter, respectively.

The upper detection limit for both types of sensors was estimated to be particles approximately 100 ktm in
diameter. This represents the particle size that would physically break the detector substrate.

The use of the word "spatio-temporal" invokes the fact that, unlike most LDEF (or other) cosmic
dust experiments, IDE provides both directional and precise time information on the near-Earth particulate
environment. The fact that the collected data appear to contradict the conventional view that impacts occur
on a spacecraft in low Earth orbit at a relatively constant rate lends a strong support to the idea that there
must be an IDE type follow-on to LDEF. We will show that all conventional models of the orbital debris
environment are grossly wrong in their predictions of the day-to-day flux.

The flight data were recorded on magnetic tape, which ran out after 49 weeks (thus exceeding the
9-month nominal mission duration). Recorded data include the time, panel, and type of detector for each

impact; plus periodic detector status checks, LDEF sunrise time, and various other "housekeeping" items.
The time resolution (i.e. clock tick) was 13. Is. More than 15000 impacts were recorded on the 459

detectors in 346 days [Table 1]. On the high-activity panels (East, North, South), the time history was
extremely episodic [Figure 1].
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Thefirst lessonof this experiment is that the particulate environment at 500 km is extremely clumpy, and
this has some profound implications with respect to orbital operations of impact -sensitive surfaces.

Sunrise data permitted a precise calibration of the spacecraft clock. IDE activation occurred at 1984
April 07d 17h 23m 43.8s _+0.3s UTC. The difference between nominal and observed clock rate
amounted to several orbits over the full mission. The estimated accuracy of any individual epoch is - 15-
20s.

IMPACTS vs. FLUX

Impact counts and times are the real observations in IDE. Areal fluxes must be inferred from a

knowledge of active detector area. With the exception of the West 4 set, all detector groups suffered
permanent loss of one or more detectors during the course of the mission. The South 4 set, the second
hardest hit, eventually lost 16 detectors (33%). This attrition must be accounted for in calculating fluxes.
There appears to have been significant hypervelocity impact contamination by the "Shuttle Induced
Atmosphere" [ref. 2] during the first few days of the mission. The first 8 days (2.4% of the mission)
produced 36% of the mission hits on the Earth 4 set, 14% on West 4, 9% on Space 4, and 5% on East 4 &
10. An interesting detail is that many of the West hits were at slightly less than half an LDEF orbit period
after a swarm of East impacts; we seem to have observed the effects of an eccentricity in the Shuttle
contamination cloud orbit. For our analysis, we wish to distinguish between a "space environment" and a
"spacecraft environment", and the evidence is that manned spacecraft produce their own extremely dirty
local neighborhood. We have consequently omitted the first 8.2 days from our data set. We present here
[Table 2] the fh'st-order estimate of the areal fluxes for LDEF, based on a linear approximation to the
detector failure history.

BETA METEOROIDS

Several interplanetary spacecraft have reported anomalous concentrations of very small cosmic dust
grains coming from the general direction of the Sun [ref. 3]. This has been interpreted as evidence for
"beta meteoroids", grains so small that, after release from a parent body, they experience a radiation
pressure sufficient to modify the apparent mass of the Sun [ref. 4]. Variational analysis shows that the
new orbit of the particle is Keplerian, but with increased eccentricity, semi-axes, semi-latus rectum and

apsides. If the particle is sufficiently small, the new orbit is parabolic or even hyperbolic, and the particle
escapes the solar system. Escape orbit or not, conservation of angular momentum requires that the speed
decrease for some range of distances < ao, increasing elsewhere, depending on release circumstances.

In the LDEF context, West panel should see beta meteoroids near sunset, East near sunrise, Space
near noon. When plotted in sun-synodic coordinates, such as time since sunrise, both East and West
show strong beta signatures. It appears that West is perhaps even dominated by particles from the solar
direction [Figure 2]. The beta phenomenon is not episodic, but persists throughout the year as a broad,
diffuse band tracking the Sun in right ascension (Figure 3.). This is apparently the first detection of beta
meteoroids from low Earth orbit.

METEOR STREAMS

One of the major original goals of the experiment was the spatio-temporal exploration of meteor
streams. Consequently, virtually the first task was to begin a survey of the impact record around times of
known meteor showers.
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TheApril Lyrids cameonly twoweeksafterlaunch,buttheIDE dataaroundthatdateprovidedasurprise:
two enormoussurgesseparatedby 6 days[Figure4]. Theeventof 17April showsimpactsnearlyevenly
dividedonNorthandEast,with essentiallynoneon theother4 panels.This is almostsurelyadebris
event,but identificationrequiresfurtherstudy. Theeventof 23April falls right atthetimeof Lyrid
maximum.Thehourlyrateis >100timesthemissionmeanonbothNorthandSpace,with fewonEast
andnoneelsewhere.Overseveraldays,evenNorthandSpacewereinactiveattimeswhentheycouldnot
seetheLyrid radiant. Wehavebeentemptedtocall thisameteorstreamevent,but thereareproblemswith
this interpretation.Theeventis toosharpandtoostrong,andtherewasa spacecraftlaunch(1984-041)
theprecedingday. Thebifurcatednatureof theburst(seebelow)maybecharacteristicof debrisevents.
Ontheotherhand,evenwith thiseventremovedfrom thedata,thereseemsto beanincreasein the
backgroundflux duringthisperiod. Othereventshavebeenlocatedin thenearvicinity of othermeteor
showers.Thisdoesnot imply detectionandconfirmation.A definitivediscussionof meteorstream
activitycannotbecarriedoutuntil a"sanitized"datasetisproduced,with identifiabledebrisevents
removed.

MEAN FLUX vs. EVENTS, SEQUENCES and CLOUDS

The mean fluxes given in Table 2, lacking a temporal component, do not describe the true nature of

the particulate environment very well. The IDE impact record is not a random scatter diagram. It is so
clumpy that long-term averages may be primarily useful for predicting mean equipment lifetimes [see
Figure 1]. We are in the process of compiling a comprehensive catalogue and atlas, for which we propose
the following terminology:

• Each individual detection is an impact, and a detection not obviously a member of a larger class is an

isolated impact.

Detections often occur in bursts, during which numerous impacts arrive within a short time at a rate
well above the surrounding flux. We designate this as an event. Obviously, this is a subjective
definition that depends on the time resolution with which one looks at the data. With hourly

resolution, Figure 4 shows two events.

At finer resolution, the 23 April event is bimodal and can be considered as two related events [Figure
5]. We shall call several apparently related events a multi-event sequence. Many of the bursts that
we see in the data have similar bimodal structure to that of the 23 April encounter, and this may be a

clue to understanding the spreading of orbital debris clouds.

We find several instances of events separated by low-order multiples of one-half the LDEF orbital

period. These we will call multi-orbit event sequences. This phenomenon has already been
mentioned in the context of the Shuttle contamination event. Figure 6 shows a sequence of at least

25 events spread over about 1.6 days (4-5 June 1984), at intervals of one (or occasionally two)
LDEF orbit(s).

A multi-orbit event sequence can only occur if the particulates are themselves in Earth orbit,

intersecting that of LDEF. Each time that LDEF comes back to the same place in its orbit, it hits the same
cloud, again and again and again. We are sampling chords through this cloud, time after time, over a day
and a half. This rules out serious consideration of extraterrestrial origin. These are orbital debris clouds,

and they can be seen clearly in 3-dimensional (two angles and time) representations [Figure 7]. Goldstein
and Randolph (ref. 5) saw the same phenomenon, which they called rings, at larger particle sizes with
groundbased radar in 1989; within the limitations of the two observation sets, a ring is only a particular
type of cloud, and the data do not permit an experimental distinction.
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Multi-orbit eventsequences-- debrisclouds(orrings)-- compriseamajorfractionof the
particulateenvironmentseenby IDE. Thefirst sixclumpsthatwe identifiedcontainabout25%of all
impactsrecordedduringthemission.The"May swarm"andthe4-5 June event together contain more
than 80% of all impacts recorded during those two months. The first pass, alone, on 4 June contained 131
hits in about 2 minutes, 0.8% of the mission impacts in 0.0004% of the duration of the mission, 3 orders

of magnitude above the average flux. The spacecraft whose instruments are subjected to such an
encounter during the first weeks of its mission will experience a drastically enhanced rate of impact
induced degradation over that predicted (and planned for) based on the assumption of a random
distribution of impacts with time. One of the major lessons to be learned from the IDE data, and hence
from the LDEF, is that orbital debris is far from isotropic, unlike the assumptions of most current models.

More sophisticated analysis of the June 4 multi-orbit event sequence may extend the sequence, and
indeed Figure 6 suggests that it was longer thanl.6 days. We suspect that the same cloud was re-

encountered about 54 days later, after a full LDEF precessional rotation. Since the sequence begins near
the equator, there are two possible ways to use precessional dynamics to infer information on the orbit of

the dust cloud. The most direct way is to determine the slope of the locus of events in right ascension-
declination space [N.B. to non-astronomers: right ascension is the celestial equivalent of terrestrial
longitude, but measured from the equinox; declination is identical with terrestrial latitude]. It is clear from

Figure 7 that the locus crosses the equator at about 30 ° right ascension, and that the angle of the locus is
about 70 °. That is only approximately the inclination of the cloud orbit, since both orbits are precessing
backwards along the equator at rates determined by their inclinations [Figure 8]. A relatively simple
iterative calculation will give the true orbital debris inclination since the inclination of the LDEF orbit is
known.

The other approach begins with the re-encounter, which can only occur after a precessional beat
period of the two orbits. In principle, this permits calculation of the cloud's precession period, from
which a determination of the orbit inclination can be made. This then permits a geometric calculation of the
node from mutual geometry with LDEF's orbit. When both approaches are possible, they are
complementary and can provide a consistency check on the results. Analysis of this striking event is not
yet complete, but the ascending node is definitely about 30 ° , inclination in the range 70-85 ° (i.e. near-
polar). We are looking at candidate sources. By contrast, the "May swarm" appears to have a moderate
(-30-35 °) inclination, but the equator crossing is probably indeterminate from these data.

NATURAL COSMIC DUST vs. ORBITAL DEBRIS: WHICH DOMINATES THE ENVIRONMENT?

The total number of artificial Earth satellites in orbit is growing exponentially, and it is an important
question to know how this affects the particulate environment. Related to this issue are the relative
proportions of artificial and natural material that together compose that environment. From the LDEF
Interplanetary Dust Experiment data, Singer et al. [ref. 1] argued that the ratio of transverse flux (mean of
North and South panels) to Space panel flux, coupled with kinematic constraints, suggests a ratio of

artificial to extraterrestrial particulates of about 5:1. That conclusion has not been changed by the use of
mean fluxes from Table 2, replacing the raw counts of Table 1. Taking foil penetration thickness at
minimum particle diameter as equivalent to IDE dielectric thickness, we obtain a ratio of about 4-6:1 from a

comparison of the IDE East panel fluxes with an extrapolation of the interplanetary component predicted
for that panel [e.g. ref. 6].

By contrast, it is commonplace to encounter the statement that cosmic dust predominates. Which
view should prevail? An examination of the East panel predictions cited above shows that the statement is

oversimplified. McDonnell shows clearly that current models predict that natural cosmic particulates
should dominate strongly for sizes (d) > 100 I.tm, but should only slightly exceed debris for 100 l.tm > d >
25 p.m. Man-made matter strongly dominates for d < 20 }.tm. This latter is the range that forms the bulk
of IDE impactors.
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Anotherelementin theargumentis highlightedbythediscoveryof multi-orbiteventsequencesand
theircharacterizationasorbitaldebrisclouds.Thecomprehensivecatalogueof IDE eventsandsequences
isnotyetavailable,but it is clearthatcloudscontainanimportantfractionof all theimpactsdetected.In
addition,thedirectiondistributionof flux makesit clearthatthemajorityof theseparticulatesarein Earth
orbit. Even if onewishestopostulatean ad hoc ring of captured comet and asteroid dust [ref. 6, ref. 7],
there is no convincing way to construct something like the May swarm. The clouds must be orbital debris.

The evidence supporting the idea that the debris population density has not changed over the years
is based primarily on the use of 1963 data [ref. 6, Figure 3], which exerts a long lever arm over a 15 year
empty gap. If only the spacecraft data since 1970 are used, the debris levels arguably track the exponential
growth of the satellite population, at least within the error bars on the data.

By contrast, the IDE West fluxes, which should contain essentially no debris after removal of the
initial Shuttle contamination event, are higher than an extrapolation of McDonnell's predicted trailing edge

curve by a factor of 3.3. This might be explained if the prediction contained no beta meteoroid model. If
that were indeed the explanation, then IDE suggests a beta meteoroid flux of about 7 x 10 -5 m -2 s -1 at both

sensitivity levels.

CONCLUSIONS

There are several major lessons to be drawn from these results, even though we are far from
having exploited the IDE data to their fullest:

• The introduction of precise time and even rudimentary directionality as colateral observables in

sampling the particulate environment in near-Earth space produces an enormous qualitative
improvement in the information content of the impact data.

• The orbital debris population is extremely clumpy, being dominated by persistent clouds in which the
fluxes may rise orders of magnitude above background. This aspect of the environment cannot be
reflected in any model based on isotropic assumptions.

• The unexpectedly intense temporal aspect, and the fact that these data are already 7 years old, lend
support to the idea that there should be a follow-on IDE type experiment to obtain updated
information and to test the secular trend in the debris population.

• The IDE data suggest a strategy to minimize the damage to sensitive spacecraft components, using
the observed characteristics of cloud encounters. Such a strategy based on an observing program

that we designate SYNMOD (Synoptic Monitoring of Orbital Debris) and incorporating either
automatic or interactive instrument control, will be detailed in a future publication.
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Table 1. LDEF/IDE Impact Totals and Directional Ratios from April 1984 through March 1985. Trans

denotes transverse (mean of North and South). Standard deviations are estimates based on the square-root
of the number of hits. N.B.: The ratios are to be considered as impact ratios only. Ratios involving
the Space panel have been normalized to reflect the smaller number of sensors on that panel.

0.4 _tm # of 1.0 _tm # of
LDEF Face counts sensors counts sensors

Earth 44 48 29 32

Space 380 35 155 24

North 2467 48 1081 32

South 3029 48 1200 32

East (Ram) 4540 48 1542 32

West (Wake) 455 48 186 32

Total Hits: 10915 275 4193 184 ]

Std. Std.
Ratio Dev. Ratio Dev.

Space/Earth 11.7 1.8 7.2 1.4

North/Space 4.8 0.2 5.2 0.4

South/North 1.2 0.03 1.1 0.05

East/West 10.0 0.5 8.3 0.06

East/Trans 1.8 0.04 1.4 0.05

Trans/West 5.4 0.3 6.1 0.5

Table 2: Preliminary mean flux values for the 338-day period beginning 1984 April 16d Oh UT, based on a
first-order evaluation of the time history of active sensor area. The first 8.2 days of the mission have been
omitted to eliminate the effects of Shuttle contamination, which was particularly severe on the Earth,
Space, and West panels. Estimated errors are subjective.

Ave. # ratio

Sensors # of of Ave. area Flux +/- ¢_ 0.4_m to

hits sensors (0.0ol m2) (m-2s-1) 1.0_m

Earth

Space

North

South

East(Ram)

West(wake)

0.41_m 28 45.5 89.3 .000011 20 0.7

1.0 29 31.5 61.9 .000016 20

0.4 347 34.5 67.7 .00018 5 1.6

1.0 150 23.5 46.1 .00011 5

0.4 2408 45.0 88.4 .00093 10 1.5

1.0 1077 30.0 58.9 .00063 10

0.4 3012 40.0 78.5 .0013 20 1.9

1.0 1198 30.5 59.9 .00069 10

0.4 4308 44.5 87.4 .0017 10 2.0

1.0 1470 30.5 59.9 .00084 10

0.4 391 48.0 94.2 .00014 5 1.4

1.0 183 31.5 61.9 .0001 5
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Figure 1: Time history of impacts on the 0.4ktm panels over the entire 346 day period of active IDE data
recording. In this "seismograph" plot, the vertical extent of each trace indicates the impact rate as a
function of time. The display has been truncated in the vertical direction in the most active portions to
avoid overlap between adjacent traces.
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Figure 2: All 0.4t.t data from West (trailing edge) panel plotted to show day-night asymmetry. West panel
will most nearly face the Sun at evening quadrature, about 53 min after sunrise; sunset is about 6 min later.
The 1.0p. data show the same features.
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LDEF IOE Oata: West 8.4 ] data

.DEF Right nscension vs. Declination vs. ti_e

Figure 3: Three-dimensional (two angles and time) view of the sky as seen by the high-sensitivity trailing
edge detectors. The RA vs. time plot clearly shows a large fraction of the impacts in a broad zone that
tracks the Sun, with zero crossing in mid-December. Most of the West panel impacts came from near the
solar direction, consistent with an important beta meteoroid population.
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Figure 4: Apparent hit rate (counts/hr) in the vicinity of the April Lyrid meteor stream, North panel. The
time of the Lyrid maximum corresponds to the later spike (23 April); that 6 days earlier is surely a debris
event. Both are remarkable by their sharpness, and by the high values (10 and 14 respectively) of the
detection ratio 0.4larrffl.0l.tm, suggesting a preponderance of submicron particles. The North flux

averaged over the entire mission was roughly 0.5 impacts per hour.
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Figure 6: The "June 4" multi-orbit event sequence. Each time LDEF moved southward across the
equator, it encountered a cloud of particles rising northward in a different orbit. These collisions took

place on at least 25 passages through the descending node over the course of 1.6 days. Only East (and to
a lesser degree South) were hit. The first event in the sequence contained 131 impacts, or 0.8% of the
mission total, in less than 2 minutes.
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Figure 7: This 3-D plot shows all impacts recorded on the South 4 set of IDE detectors during the active
phase of the mission, in right ascension-declination-time space. Clearly, a large fraction of the impacts
recorded are grouped in highly episodic events and sequences, implying clouds of material in Earth orbit.

Two specific examples are annotated.
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Figure 8: Both the spacecraft and the debris cloud are precessing backwards along the equator, at rates
determined solely by the inclinations of their respective orbits. The locus of events in the right ascension-
declination plane of events in a multiple orbit sequence is a resultant of these two precessions, and the
locus characteristics thus provide a means of iteratively determining the orbital inclination of the dust
cloud. The diagram shows the "ideal" case (satisfied by the 4-5 June sequence) of a locus in the equatorial
zone.
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ABSTRACT

Hypervelocity impact features from very small particles (<3 lam diameter) on several of the electro-active
dust sensors utilized in the IDE experiment (LDEF Expt. No. A0201) were subjected to elemental analyses

using an ion microprobe. After etching away a layer of alkali-rich carbonaceous/silicaceous surface
contamination, low mass resolution elemental survey scans are used to examine impacted areas. Normalized

high mass resolution two-dimensional positive ion elemental maps of the feature and surrounding area show
the distribution and relative composition of the material. The location of the high purity sensor surfaces on

the six primary sides of LDEF (rows 3, 6, 9, 12, space end, and earth end) provides a unique opportunity to
further def'me the debris environment. We have applied the same analytical techniques to impact and
contaminant features on a set of ultra-pure, highly polished single-crystal germanium wafer witness plates
that were mounted on tray B 12. Very little unambiguously identifiable impactor debris was found in the
central craters or shatter zones of small impacts in this crystalline surface. Surface contamination ubiquitous

on LDEF has greatly complicated data collection and interpretation from micro-particle impacts on all
surfaces.

INTRODUCTION

The Interplanetary Dust Experiment (IDE) has yielded a wealth of spatio-temporal impact data for the
first year of the LDEF orbit, including the first long-term direct evidence of the episodic nature of micro-

particle impacts in low Earth orbit (LEO). 1 In order to extend the usefulness of this data set we have begun
a systematic analysis of impactor residues in impact features on the high-purity sensor surfaces using
scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM/EDS) and secondary ion
mass spectrometry (SIMS). Our ultimate objective is to produce a substantial data set on major element
compositions of the smallest class of impactors (<3 pm). This will allow a statistical view of the
manmade/natural micro-particle population ratio. Larger craters are also being examined during the course
of the study and this data will be compared to other compositional data for similar sized impactors observed

by other LDEF investigators. 2-4

Impact craters on a set of high purity germanium witness plates mounted on tray B-12 have also been
examined. Pre-flight surface contamination of these witness plates has complicated analyses of impact
features. EDS and SIMS analyses of several contaminant features were recorded and a proposed sample
clean-up procedure is presented. Primary beam shadowing effects compromise SIMS data on large, high
aspect ratio craters (discussed below), but EDS analysis has identified tentative debris in all three large
craters (60, 71 and 188 pm) found on Ge surfaces scanned to date.

In this paper we describe the impacted samples and analytical methodology in detail, and report on
results from SIMS and EDS analyses of 15 impacts in IDE sensors from the leading and trailing sides of
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LDEF (rows 9 and 3, respectively). Results are also presented of SIMS analyses of 13 impacts in Ge
witness plates from tray B 12. Half of these impacts were also analyzed with EDS. All but one of the
impacts analyzed with SIMS had craters <-20 l.tm in diameter. An additional 11 impacts in Ge, nine that
were <10 _m in diameter and two that were 60 and 188 i.tm diameter, were analyzed with EDS only.
Dimensions and analytical results for all impacts analyzed to date are presented. Examples of SIMS two-
dimensional elemental maps of several impact features are also presented. They show the usefulness of the
technique in observing and correlating very small amounts of impactor residue and point out the problems
associated with surface contamination and beam shadowing effects on a large crater in Ge.

The bar graph in Figure 1 shows the relative amounts of surface area for each micrometeoroid
experiment on LDEF, the proposed range of impactor size chemical characterization, and the experiment
locations on the spacecraft. This graph illustrates the potential for micro-particle impactor chemical
characterization on impacts in IDE sensor surfaces compared to the other micrometeoroid experiments. The
only other group currently using SIMS routinely to analyze impact craters (Zinner, et al., Expt. A0187-2)

have no plans to characterize particles <10 _m in size. 5 The foil covered germanium capture cell
experiment's major objective is the chemical and isotopic characterization of natural micrometeorites >10 _tm
in diameter, and the group is concentrating on analysis of impact features that formed when the capture cell
foils were intact. However, the ultra-pure germanium capture cells in this experiment were exposed directly
to the space environment for substantial times during the mission due to catastrophic failure of their thin-film

covers. Thus, the large areas of pure germanium base plates (1.51 m 2 total) on rows 2, 3 and 8 should
provide a significant source for micro-particle impact sites, albeit with variable and unknown time history.
The SIMS procedures reported on in this paper were developed to analyze micro-particle impact sites on
pure germanium and should be directly applicable.

Other LDEF investigators that have analyzed substantial numbers of impact craters have used

SEM/EDS procedures to date.3, 4 Because of the inherent lower sensitivity of EDS versus SIMS, explained
briefly below, and the small amount of impactor material (femto to picograms) expected to survive a micro-
particle hypervelocity impact, most investigators have concentrated on analyzing larger impact features.

A notable exception is the work reported by Mandeville, et al., (Expt A0138-2, row 3) which includes
identification of chondritic residues in -10 micro-particle impacts (<5 gm diameter thin film penetration
holes) analyzed so far out of a total of - 40 such micro-particle impacts identified on capture cell surfaces

(0.2 m 2 total area). 4 However, analyses of off-impact areas had not been performed at the time the
analytical data were presented. Our experience, and that of others in the LDEF community, has shown that
surface contamination by alkali-rich silicaceous species is a significant problem for all LDEF surface analysis

procedures.2,3,6, 7 This factor combined with the limited number of small craters in the A0138-2 experi-
ment, and its location only on the trailing edge of the spacecraft limit the available statistics for determination
of the average manmade/natural micro-particle population ratio from this experiment.

The A0187-2 experiment (Horz, et al.) had a large (-lm 2) collection surface on both the leading and
trailing edge of LDEF and a substantial set of EDS analyses of impact craters >40 gm in diameter has been

reported to date.3, 8 The row 11 collector surface is anodized A1 alloy (99%) and the textured surface

precludes easy identification of impact craters <-20 gm in diameter. Also, the materials impurity limits the
ability to analyze small amounts of impactor residue. The row 3 experiment surface is 0.999% Au and has a
somewhat smoother surface. It should be possible to identify smaller craters and analyze them using SIMS.
Several samples of this surface are currently undergoing analyses in our laboratory.

Experiment A0023 was composed of-1500 cm 2 of multi-foil capture cell surface area on the four

primary LDEF sides -700 cm 2 on the space end, and provides an excellent sample set for all impactor sizes
up to -lmm. McDonnell, et al., plan on a rigorous chemical analysis program after completing their primary

mission of average flux determination. 9 The inherent impurity of the commercial foils and assembly

materials used in the capture cells construction will complicate and may ultimately limit the investigators'
ability to analyze residues from the smallest class of impactors (<3 gm). The use of SIMS may ultimately be

530



requiredto analyzesignificantnumbersof micro-particleimpactsites,andit is hopedthatourlaboratory's
experiencewill beusefulin thiseffort.

ThelargestareameteoroidexperimentonLDEF, S0001,consistedof -25 m2of chromic-anodized
6061-T6A1alloyplatesdistributedonnearlyall sidesof thespacecraft.10Thisexperimentis not
representedinFigure1sinceit wasnotoriginallydesignedto permitchemicalanalysesof micro-particle
impacts.Thesurfacetextureprecludesidentificationof impactcraters<-20 I.tmin diameterandthesubstrate
impuritiesgreatlycomplicatechemicalanalysesof impactorresidues.However,theprincipalinvestigator,
D. Humes,is currentlycollaboratingwithour laboratoryto performchemicalanalysesonselectedresidues
in andaroundimpactfeatures>40_tmin diameterusingSEM/EDSandSIMS.

Theultra-purematerialsusedin thefabricationof theIDE sensorsandtheir locationonall six LDEF
primarysidesprovidesauniquesamplesetfor thedeterminationof themanmade/naturalmicro-particle
populationratioviachemicalanalyses.Thesmoothsensorsurfacesandtheimpactsignature(described
below)greatlyfacilitatethelocationof micro-particleimpacts.In addition,theactivity recordoverthefirst
yearof LDEF'sorbit permitsidentificationof sensorsthatbecameinactiveat specifictimes. In future
studiesthiscouldallow segregationof impacts(andaveragefluxes)intobeforeandaftersensorfailure
times,thusprovidinganotherlevelof temporalcharacterizationof themicro-particlepopulationinLEO.

EXPERIMENTAL

Thegeneralexperimentalapproachto sampleanalyseswasasfollows:

(1.)Performastereoopticalsurveyat 100Xmagnification(Olympus1000Xstereomicroscope)and
photo-documentimpactsatlow andhighmagnificationfor lateridentificationin otherinstruments.

(2.)PerformSEM/EDSanalysesof impactsitesandsurroundingareas.
(3.)PerformSIMSanalysesof impactsitesandsurroundingareas.
(4.)Correlateall analyticaldataoneachimpactcraterandtabulaterelativeabundanceof elementsfound

incratersandspallzones.

SIMSanalysiswasleft to lastsinceit is adestructivetechnique.Thepresenceof a layerof alkali-rich
silicaceoussurfacecontaminationcomplicatedtheseanalysesasdiscussedbelow. Also, thepresenceof pre-
flight contaminationon thegermaniumwitnessplates,in additionto theorbitalcontamination,greatly
complicatedanalysesof impactsiteson thesesurfaces.As thestudyprogressed,EDSanalysesof small
impactsin Gewasdiscontinuedsincenodetectabledebriswasobservedwith this techniquein anyof the
smallcratersthatwereexamined.Instead,SIMSanalyseswereperformedafteropticalidentificationof the
impactcraters.

Descriptionof HypervelocityImpactsin IDE Sensors

TheIDE sensors(Fig.2) are2 inch (5.08cm)diameterMetal-Oxide-Silicon(MOS)capacitor
structures.Thedetectorswereformedbygrowingeithera0.4_tmor 1.0_tmthick silicondioxidelayerona
250_tmthick, B-dopedpolishedsiliconwafer(>0.99999). Thetopmetalcontactwasformedby physical
vapordepositionof -1000A of aluminum(>0.9999).Aluminumwasalsovapordepositedon thebackside
of thewaferstoform thecontactwith thep-typeSi substrate.Goldwireswerethenbondedto thefront and
backA1layersandusedto connectthedetectorsto thecircuits. Thecompletedwafers(IDE detectors)were
thenmountedonA1framesby bondingthebacksideswith siliconRTV. A totalof 459sensorswereflown
on thesixprimarysidesof LDEF; 60%had0.4I-tmthick insulatorlayersand40%had 1.0I.tmthick
insulatorlayers.
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TheIDE capacitordetectorswereplacedin anelectricalcircuitthatsuppliesapositivebiastothetopA1
electrodeandanegativebiasto thebottomelectrode/Si-substrate.The detector operates by discharging the
charge stored in the capacitor when impacted by a particle with sufficient mass and energy to cause the thin
silicon dioxide layer to fail. The level of the stored charge is chosen to allow sufficient energy during
discharge to vaporize a small area of the top A1 electrode around the impact point. The typical diameter of
this vaporized discharge zone is 50-70 lam and is directly related to the applied voltage/stored charge and the
thickness of the A1 layer. Once the discharge takes place the capacitor circuit recharges within a maximum of
3-4 seconds if the applied voltage is maintained. The impact event is recorded electronically by monitoring
this recharge current. The recharge time is dependent on the rate at which current is allowed to flow to the
detector.

The morphology of an impacted region can be seen in Fig. 3. Typically there is the impacted area at or
near the center of the feature surrounded by a 25-35 t.tm wide area of damaged insulator (SiO2), and a 50-70
I.tm wide zone where the A1 has been vaporized. There is also a rim of melted A1 which defines the extent of
the vaporization zone. These morphological features greatly facilitate the location of micro-particle impacts
on active sensor surfaces and also serve to distinguish impacts that occurred when the sensor was inactive.
The smooth-bottom, low aspect central craters in the impact sites that occurred on active 1.0 sensors have a
minimum diameter of -11 I.tm. Since submicron particles are capable of wiggering the sensors (-43.5 l.tm
diameter particle for the 1.0 sensor and -0.2 t.tm particle for the 0.4 sensor), the minimum crater diameter is
interpreted as being a function of the specific electrode surface area required for electron flow to occur under
the applied voltage. It is suspected that the negative potential field of the Si electrode may enhance capture of
positive ions produced in the impact/sensor-discharge plasma plume. However, insufficient empirical data
from ground based simulatio_ls of this phenomenon has been collected to date to unambiguously identify an
enhanced ion collection effect.

It is not known at this time what maximum size impactor would inactivate a sensor, but theoretically
even a broken sensor wafer should still be active on the areas attached to the electrode leads. A substantial

number of large impact craters (> 0.5mm diameter) were observed on IDE sensor surfaces. An accounting
of the largest impacts on those sensors that were still active when LDEF was retrieved should provide a limit
for this value. Central crater and A1 vaporization zone diameters are reported for all impacts subjected to
residue analyses.

During the manufacture of the IDE sensors, particulate contamination and defect sites in electrode
interfaces necessitated the "clearing" of sensors before mounting on the spacecraft. This was accomplished
by activating the sensors at a potential higher than the flight potential and causing the contaminant and defect
sites to discharge and clear themselves. Photographic records were then made of each sensor which allows
an accurate accounting of all pre-flight discharge areas. Sensors varied greatly in their degree of
susceptibility to pre-flight discharges. SEM and SIMS analyses of four pre-flight discharges revealed the
presence of contaminants (from dust particles or tool marks) and markedly different morphology than in-
flight discharges. To date we have not analyzed a true "blank" discharge, but we have plans to generate
several blanks on reactivated flight sensors using a pulsed laser and subject them to SIMS analyses. The
two 1.0 sensors selected for impact analyses in this study were characterized as "good" and had few pre-
flight discharges.

Description of Hypervelocity Impacts in Germanium Witness Plates

Twelve 1.25 inch (3.175 cm) diameter, 250 I.tm thick semiconductor device quality single crystal Ge
wafers were glued to AI plates with silicone RTV, mounted on tray B12, and exposed to the orbital
environment during the entire mission. These wafers were intended to serve as witness plates both for
hypervelocity impacts and surface contaminants. However, during optical examination it was noted that the
surfaces of these wafers were covered with solid contaminants with condensate rings at a density of-400

features (>10 ]am diameter) per cm 2. Optical surveys of three other similar sized witness plates (one zirconia

and two silicon) mounted adjacent to the Ge witness plates revealed only 10-27 similar contaminants per cm 2
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on thesesurfaces.This is takenasconclusiveevidencethatthemajorityof thecontaminantson theGe
wafersweredepositedbeforetheyweremountedon thespacecraftwith theotherwitnessplates.Auger,
EDS and SIMS analyses of dozens of these contaminant features showed a dominance of alkali-chlorides,
hydrocarbons, Mg, Si, Ca, S, Ti, some Fe, and very little A1.

The contamination problems are complicated further by the morphology of the impact features in the Ge
substrates. A typical impact feature has a high aspect central crater (or shatter zone if larger than -10 l.tm
diameter), an extremely jagged inner spall zone about twice the diameter of the crater, an outer spall zone
with a maximum dimension about four times the crater diameter, and a fracture zone that spans a distance
equal to 5-10 times the crater diameter (Fig. 4). About half of the craters < 10 I.tm in diameter did not have
an outer spall zone. The jagged central shatter zones of the larger craters restricted the usefulness of SIMS
analyses, as discussed below.

The high level of pre-flight particulate contamination combined with the alkali-rich silicaceous surface
contamination layer deposited in orbit have greatly complicated instrumental analyses of impact sites on these
surfaces. We have not cleaned the surf'aces to date, beyond nitrogen blow down, prior to their introduction
into the SIMS instrument. Careful examination of two-dimensional elemental concentration maps was
required to identify residue located in craters and spall zones. Even with these precautions, the identification
of debris must be considered tentative until more stringent sample preparation procedures are instituted. Our
current plans are to use the alcohol/water surface cleaning procedures utilized by investigators that examined

impact craters on Apollo spacecraft windows 11,12 to clean one Ge wafer and reanalyze several impacts that
showed high concentrations of residues within impact craters. These craters should have significant material
remaining despite the destructive nature of SIMS analysis.

SEM/EDS Analyses

Energy dispersive x-ray spectroscopy is based on the measurement of the characteristic X-rays from
materials excited with an energetic electron beam. The EDS used in this study allowed the detection of all
elements with Z > 10 (Ne), with minimum detection sensitivities for the various elements ranging from
-43.1% to >1.0% atomic concentration. All experiments were performed on an Hitachi S-530 scanning
electron microscope equipped with a Tracor-Northern TN5500 EDS. SEM micrographs were recorded of
the impact features and EDS spectra were recorded of various areas within the impact feature (central crater
and spall zone) in both area and spot mode. All SEM micrographs were recorded with an accelerating
voltage of 5 KV and EDS spectra were recorded at both 5 KV and 15 KV. Substrate background EDS
spectra were also recorded at 5 KV and 15 KV away from any impact features and obvious surface
particulate contamination.

SIMS Analyses

In secondary ion mass spectrometry an energetic ion beam (1 to 20 KeV) is directed toward the sample
to be analyzed. The sample surface is eroded by sputtering, and the ionized, sputtered species (atoms or
molecules) are extracted into a mass spectrometer where they are separated according to their mass/charge
ratio and then counted or imaged. The advantages of SIMS include: [ 1] detection limits of ppm to ppb for
most elements, [2] the ability to detect all species (including H), [3] the ability to record two-dimensional
secondary ion images, and [4] excellent depth resolution (<100 A). The major disadvantages are: [1] SIMS
is an inherently destructive technique due to the sputtering process, [2] quantification is not straight-forward
due to the complicated secondary ion formation processes involved, [3] large topographic features can lead
to false contrast, and [4] trace contaminants complicate interpretation of data from unknown samples.

The primary ion beam impacts the sample at -30 ° from normal for the primary ion energy used in this
study (15 KV). Figure 5 shows the shadowing effect caused by sputtering at this angle. The sidewalls of a
high aspect ratio (depth/width) feature can shadow the primary ion beam from the bottom of the deep
feature, thereby preventing sputtering from this area. This is of particular importance when trying to record
signals from the bottom of deep craters with jagged sidewalls. (Smooth sidewalls can actually act to focus
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theion beaminto thecrater,butspatialresolutionwithin theholeis lostdueto scattering.)All of thelarger
impacts(>20 I.tm)foundin theGewitnessplateshadcentralshatterzonesinsteadof smoothwalledcraters
(seeFig. 4b for anexample).This shadowingeffectandpoorsecondaryion extractionfrom thesedeep,
jaggedfeaturesresultedin agreatlyreducedsignalfromthecraterbottom.

Themainadvantageof SIMS,its excellentsensitivity,canbeadisadvantageif samplesubstratesare
notof sufficientpuritybecausenon-detectableamountsof elementsfor othertechniques(i. e.EDS,Auger)
cangiveriseto largesignalsin SIMS. Interferencescanalsoarisefrom molecularionshavingthesame
nominalmassastheelementof interest.Theseinterferencescanberesolvedin mostcasesbyoperationof
theion microscopein thehighmassresolutionmode,whichallowstheresolutionof 2 speciesdifferingby
only afew partsperthousandin mass.A particularinterferenceof interestis theSi2+ secondaryion (mass
= 55.95386amu)interferingwith Fe+ (mass=55.93494amu). A massresolutionof 2956m/Am,easily
achievablein theIMS-3f, is requiredto separatethisinterference.

All experimentswereperformedonaCAMECAIMS-3f IonMicroscopeequippedwith oxygenand
cesiumprimarybeams.TheIMS-3f is adoublefocussingmagneticsectorSIMS instrumentcapableof
achievingmassresolutionsupto 10,000m/Am. It is alsoastigmaticallyimagingion microscopecapableof
imagingtheelementaldistributionwithppmsensitivityand-lgm lateral resolution.

All data were taken with a 15 KeV 02 + primary ion beam. Background positive ion mass spectra

were recorded of the surface away from impact features and obvious contamination at 50 nA primary ion
current. After recording a mass spectra from 0-200 a.m.u., a depth profile was acquired at 500 nA primary

current while monitoring C +, Na +, Si + and Ca + in order to assess the time required to sputter through the
layer of surface contamination.

A final protocol was developed to record SIMS data of impact features on high purity LDEF surfaces.
Impacts examined during the development of the protocol did not always adhere to this final form and
deviations are detailed in the next section. A sample cleaning protocol based on the results of this study and
intended to minimize contamination interferences is currently in the development stage. Unless otherwise
noted, the following protocol was used to record SIMS data of impact features:

(1 .) A Mass spectrum from 0-200 a.m.u, was taken of the central impact crater and associated
discharge zone (for impacts in IDE sensors) or spall zone (for impacts in Ge witness plates) at
50nA primary current. This mass spectrum was energy filtered in order to minimize molecular

interferences with elemental ion signals. 13 During this portion of the analysis <200/_ of material

were consumed. In practice, the reproducibility of these initial mass spectra on each substrate lead
to the decision to delete this step after several features had been analyzed on each different surface.

(2.) A depth profile was recorded at 500nA primary ion current while monitoring the secondary ion

signals of O +, Si +, Ca + and Na + in order to assure that the surface contamination layer was
removed. The amount of surface material removed during this process was dependent on the
thickness of the silicaceous contaminate layer and varied from hundreds to thousands of
angstroms on the various substrates analyzed. Duration of the depth profile was also based on a
similar profile recorded for a background area on the substrate in the vicinity of the impact sites.

(3.) A second mass spectrum was recorded of the sputtered area. Based on the results of this
spectrum, and the expected compositions of manmade debris and natural micrometeoroids,

positive ion images were recorded at 500 nA primary ion current for some or all of the following

species: C +, O +, Na +, Mg +, A1+, Si +, K +, Ca +, Ti +, Cr +, Fe +, Ni +, Cu +, Zn +, Ge +, Ag +

and Au +. [No images were recorded for Zn +, Ge +, Ag + and Au + on most IDE sensor surfaces

Also, Na + images were not recorded for most impacts in the leading edge sensor (No. 293).
Current protocol for impacts in IDE sensors includes high mass resolution analyses for all of the
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positiveionslisted,exceptGe+.]During thisportionof theanalysis<2000/_of materialwere
consumed.

(4.)All secondaryion imagesweresemi-quantitativelyscaledbasedon thesecondaryion yieldsfor the
elementsof interestbeingsputteredfrom apuretarget(i.e.Si or Ge).16Resultswerethen
tabulatedin termsof relativeabundanceandlocationof elementsfoundin andaroundtheimpacts.

In orderto investigatethepossibilityof thealkalirichcarbonaceous/silicaceouslayerbeingnon-
uniformlysputteredfrom thecraterbottomandspallareasin impactsin Gedueto thelargetopography
differences,adepthprofile wasrecordedat500nAfor -25 minutesononeimpactfeature(Ge2A-15).
Undertheseconditionsthecontaminatelayerwasremovedfrom thesmoothbackgroundareaof theGe
waferin 9minutes,asevidencedby theprecipitousdropandlevelingoutof theSi÷andalkalipositiveion
signals.However,after3 minutestheSi+ andNa÷signalsfrom theimpactsiteleveledoff at -100X the
backgroundconcentrationandremainedat this intensityuntil thedepthprofile wasterminated(Fig.6). This
resultleavesopenthepossibilityof contaminatecontributionto ion signalswithin theimpactareasonGe
substratesdueto differentialsputteringeffects.Thesignificantlylower initial signalsfrom SiandCaover
theimpactsitecouldbetheresultof removalof thecontaminantlayerbytheimpacteventfollowedby
redepositionof athinnerlayer.

Thefrequentcloseproximity of contaminantspotsthatcontainedmanyor all of theelementsdetected
in theimpactfeatureonGeprecludesunambiguousidentificationof impactorresidues.These
complications,alongwith thesmallsurfaceareaof theGewitnessplatesandtheir locationononly oneside
of LDEF, haveprecipitatedthedecisionto concentratefutureSIMSanalyseson impactfeaturesin theIDE
sensors.Therearesimilarcontaminationproblemswith thesesamples,but to a significantlylesserdegree.

RESULTSAND DISCUSSION

This preliminary study focused on development of analytical protocols and identification of associated
analytical problems. Surface contamination proved to be the most significant factor in limiting the useful-
ness of SIMS data collected from impact features on both the IDE sensor surfaces and the Ge witness plate
surfaces. The morphology of the impacts in Ge and the high density of non-flight surface contaminants
severely restricts the usefulness of the data collected from these surfaces. The experience gained in this
study has resulted in development of appropriate SIMS instrumental and data handling protocols for analysis
of micro-particle impact features on IDE sensor surfaces and other high purity substrates. These protocols
can now be used to focus on minimization of interferences from contamination, and gaining an understand-
ing of the impact phenomenon in active IDE sensors as it relates to the deposition and recovery of impactor
residue. These issues are addressed below in the discussion of the data sets and their specific limitations.

Analytical Results for Impacts in IDE Sensors

The small number of impacts analyzed on two leading and trailing edge IDE sensors (six and nine
impacts, respectively) during this development phase study provided sufficient data to allow identification of
the limitations of this sample set based on our current understanding of the impact phenomenon in the active
sensors and the uncertainty due to interferences from contamination. The effects of these issues will be
examined in three ways. First, loose particles and/or soluble debris will be removed from sensor surfaces
with three cycles of rinsing and light wiping with lint-free soft cotton using high purity water, methanol and
acetone followed by vacuum bakeout at 325K. Hypervelocity impactor melt residues and ion implanted
materials should not be removed by this process. Little, if any, of the UV polymerized silicaceous
contaminant layer is expected to be removed by this process. Second, several "blank" discharges on an
active flight sensor and on an active non-flight sensor will be produced using a pulsed laser and analyzed
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with SIMSto discernthedistributionof integralandflight-accumulatedcontaminants. Third, several Fe/C
micro-particle hypereelocity impacts on an active flight sensor and on an active non-flight sensor will be
produced using an accelerator and analyzed with SIMS in order to discern the distribution of the projectile
material and its level of intermixing with integral and flight-acccumulated contaminants. After these studies
are performed, a decision can be made on the usefulness of performing SIMS analyses on a statistically
significant number (>103) of micro-particle impacts in leading and trailing edge sensors.

Six impacts randomly selected from a total of 200 in-flight discharges identified on a leading sensor

(45.6 cm 2 total area), No. 293, and nine impacts randomly selected from a total of 25 identified on a trailing

edge sensor, No. 300, were analyzed with EDS and SIMS. Both sensors that were active during the entire
mission and the -9/1 ratio of leading/trailing edge impacts was in the same range as the ratio for larger
impactors (craters >0.5 mm diameter) observed by the LDEF Meteoroid and Debris Special Investigation

Group. 10 No elements other than Si and AI were observed in EDS analyses and only Si was found in area

analyses of all central craters. Spot analyses of numerous melt blebs, droplets and rims showed only Si
and/or AI.

SIMS analysis showed that significant amounts ofNa, Mg, K and Ca were present in the silicaceous
surface contamination layer. (Ca was also present at a >10 ppm concentration throughout the A1 layer on
sensor 293, as evidenced by depth profile.) Due to local variations of the composition and thickness of the
layer, it was impossible to be sure if the layer was etched away from the entire analysis area before ion
images were taken. For example, in four of the leading edge impacts, and two of the trailing edge impacts,
Ca surrounds the entire feature but is not present in any of the central craters. In fact, Ca was not found in
the central craters of any of the 15 impacts examined. These observations increase the confidence that the

surface layer was effectively etched away from at least the central crater portions of the features, which are
considered the most critical area of the features for identifying impactor residue.

Table 1 lists the SIMS analytical results for material found in and around impact sites in order of
approximate (within one order of magnitude) decreasing relative elemental abundances. Results for A1 and
Si (the substrate materials) are not listed, but no high concentrations of AI were noted in any of the central
craters. Low concentrations of A1 (<-1003 ppm) would not be visible due to dynamic range limitations of
the detector. Only positive ions were analyzed since the vast majority of the elements of interest have a
much greater positive ion yield compared to their negative ion yields. Notable exceptions are F, S and CI,
which were not looked for in this phase of the study because of the complexity of switching the Cameca
IMS-3f Ion microscope from positive to negative ion analysis mode. In a comprehensive analytical study of
large numbers of micro-particle impacts negative ion analyses of selected residues could help to identify
chloride salts, fluorocarbon debris, and Fe meteorites, which usually have high S content.

Residues were found in four distinct areas (refer to Fig. 3), [1] the central crater, [2] the discharge area
or, or A1 vaporization zone, [3] the slightly raised A1 melt rim that encircles the discharge area, and [4] the
area around the outside of the feature. SIMS analysis areas were 150 I.tm in diameter with the impact feature
positioned near the center. The diameters of the central craters and discharge areas are also listed with the
results.

The leading edge sensor, No. 293, had a thicker layer of vapor deposited A1 on its surface than the
trailing edge sensor. Discharge zone diameters ranged from 59-79 ktm in diameter with no apparent relation

to the diameter of their respective central craters. Na ÷ was looked for in only one feature on this sensor,
No. 293-2, and was not observed. Impact No. 293-1 had significant amounts of K, Mg and Fe in roughly
equal proportions in the 17 i.tm diameter central crater, no residue in the discharge area, a small spot of
residue with Ca > Fe in the discharge rim and no significant residue around the outside of the feature.

Impact No. 293-2 had a significant amount of Mg and K residue in the 24 x 31 l.tm central crater with Mg >
K. Residue consisting of Fe > Ca was found in the discharge area, and Fe > Mg and Ca with a trace
amount of K were found distributed in a ring throughout the feature's discharge rim. Ca and Fe were seen
all around the outside of the feature. Impact No. 293-3 had significant amounts of K only its 18 I.tm central
crater. Fe>>k was found in the discharge area, and Fe > Mg, Ca > K was found distributed in a ring
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throughoutthefeature'sdischargerim. CaandFeandatraceof K werepresentall aroundtheoutsideof the
feature.

ImpactNo.293-4 wasunique in that it had a very high concentration of Fe in its 12 _tm central crater
along with a much lesser amount of Mg. Unnormalized positive ion images of Mg, A1, Si, K, Ca and Fe are
shown in Fig.7. Some Fe was also present in the discharge area close to the crater associated with a lesser
concentration of K. A ring of residue composed of Fe, Mg >> K was present in the discharge rim and Ca
was found all around the outside of the feature. This feature has been identified as a candidate for reanalysis

after wet cleaning of the sensor surface.

Impact features Nos. 293-5 and 293-7 had no detectable residue in their respective 22 x 28 _m and 12
ktm central craters or in their discharge areas. Number 293-5 did have a ring residue consisting of C > Mg,
K in the discharge rim and a spot of Fe>Ni>Mg -40 I.tm away from the feature. Ca was also present all
around the outside of the feature. The only residue found near feature No. 293-7 was a loose particle of
Fe>Mg, Cr > Ni with traces of K and Ca ( a typical stainless steel composition) found just outside the
discharge rim and identified in the SEM.

In summary, four of the six impacts analyzed on the leading edge sensor had residues in their central
craters composed of K and/or Mg and/or Fe. Residue in one crater consisted of K only, one consisted of
Mg and K, one consisted of Fe with a small amount of Mg, and one consisted of Mg, K, and Fe. Four of
the six features had rings of residue in their discharge rims consisting of Mg, Ca and Fe, with lesser
amounts of K in two cases, Mg and Fe with a small amount of K in one case, and C with lesser amounts of
Mg and K in one case. These same four features all had substantial amounts of Ca in the analysis areas
surrounding them.

The trailing edge sensor, No. 300, had a thinner layer of vapor deposited A1 (positive electrode for the
sensor) than sensor 293. Discharge zone diameters ranged from 44-60 t.tm in eight nominal impact sites.
All of the impacts had moderate amounts of C spread over the area around the features and six of the nine
impacts had a concentrated ring of C in the features' rims. Ca surrounded only two of the impact features,
which is an indication that the Ca contamination in the bulk of the A1 film is not homogeneously distributed.

Impact feature No. 300-1 on this sensor was an exception. It was the result of a large particle impact
that left a 36 x 54 p.m central crater with a spall zone that had a maximum dimension of 138 l.tm (refer to Fig.
3b). The diameter of the residual discharge rim was 91 lam. Some Mg was present in the central crater and
there were two spots of residue in the spaU zone composed of Fe and Ti in one case and Na, Mg, K and Ca
in the other. No significant debris was found in the immediate vicinity of the large impact's borders.

Impact No. 300-2 had some Na in the 13 x 18 t.tm central crater, nothing in the discharge zone, and a ring
of concentrated C in the discharge rim. There was also a spot of Na, Mg, K, Ca residue in the analyzed area
outside of the discharge rim. Impact No. 300-3 had some Na, Mg, K residue in the 12 I.tm diameter central
crater, nothing in the discharge zone, a ring of concentrated C in the discharge rim, and a Ca, Fe > Mg spot
with traces of Na and K outside the discharge rim.

Impact Nos. 300-4 and 300-6 had no residues in their respective 13 and 10 gm diameter central
craters, nor in their discharge zones. Both features had a ring of concentrated C in the discharge rim. A
chloride salt crystal with significant amounts of Na, K, Ca, Mg, Fe and Ti was identified with the SEM/EDS
in the discharge zone of impact 300-4. This impact has been identified as a candidate for reanalysis after wet
cleaning of the sensor surface.

Impact No. 300-5 had some Na, Mg, K residue in its 11 ktm diameter central crater, nothing in the
discharge zone, a ring of concentrated C in the discharge rim along with a spot of high concentration C and
Fe with lesser amounts of Na, Mg, and Cu. This was the only residue containing Cu identified in any of the
15 impacts examined on the IDE sensors, and a Ca, Fe > Mg spot with traces of Na and K outside the
discharge rim.
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ImpactNo. 300-7hadaresidueconsistingmostlyof Ti with asubstantialamountof Naandatraceof
K. Nothingwasseenin thedischargezone,butaring of C andNawasobservedin thedischargerim.
Thiswastheonly exampleof Ti residuefoundinacentralcraterin the15IDE impacts,butimpactNo.
300-8hadasignificantamountof Ti in its dischargezonealongwith Na,Mg, K andCa. This featurealso
hadaresidueof NaandK in its 12I.tmdiametercentralcrater,aring depositof Mg, CaandTi in its
dischargerim, andasubstantialamountof Caall aroundtheoutsideof thefeature. ImpactNo.300-9hada
residueof only Fein its 11mmdiametercentralcrater,nothingin thedischargezoneordischargerim, and
onespotNaandK outsidethedischargerim.

In summary,7 outof 9 impactfeaturesanalyzedonthetrailingedgesensorhadresiduesin their
centralcraters.Two of theresiduesconsistedof Na,Mg andK, oneconsistedof Ti with a lesseramountof
Naanda traceof K, oneconsistedof NaandK, oneconsistedof Naonly, oneconsistedof Mg only, and
oneconsistedof Feonly. Five of theimpactshadconcentratedCringsin theirdischargerims, andoneof
theseringsalsohadNadistributedthroughoutit. A sixthdischargerim ring consistingof Mg, CaandTi
wasobservedaroundonefeaturethatalsohadtheseelementspresentin its dischargezonealongwith Na
andK. Two of the nine impacts also had substantial amounts of Ca all around the outside of the features.
(This compares with four out of six impacts on the leading edge sensor that were surrounded by Ca
deposits.)

Analytical Results for Impacts in Ge Witness Plates

A total of 36 hypervelocity impact craters were identified in the 100X optical scan (and verified at up to

1000X) of two Ge witness plates (15.8 cm 2 total area). Diameters of the central crater diameters ranged
from 2.5-188 I.tm (see Table 2). The five largest craters were 188, 71, 60, 30 and 22 t.tm in diameter.
There were another 10 craters in the 10-20 p.m size range and 18 in the 5-10 l.tm size range. The other three
craters found in the optic scan were <5 t.tm in diameter.

SEM/EDS analyses were performed on 17 of the impacts, including 4 of the 5 largest ones, the three
smallest ones, and about half of the mid-sized ones. The three largest craters showed the presence of
impactor residue in two (both classified as "manmade" particles), and suspected contamination (silicon RTV)
in a third. The lack of any impactor residue observed with EDS in any of the other craters agrees with

observations by Amari, et al. for small primary impacts in Ge. 2 However, the EDS analyses performed in
this study were generally limited to signal collection from the entire central crater areas at 5 KV and 15 KV,
and cannot be considered exhaustive.

A 71 _m crater had high concentrations of A1 and Si detected with EDS only in the central crater.
SIMS analysis of this crater showed only a trace of Ca and Fe in the spall zone. No ion signals other than

Ge + were seen from the central crater. This exemplifies the problems of beam shadowing discussed above.

A second large crater, 60 I.tm crater had a residue of A1 and Si with lesser amounts of Cu, Zn and S
identified with EDS. No SIMS analyses were performed on this impact. In both cases there was no visible
evidence of contamination present in the craters and the residue was in the form of melt blebs. It is probable
that the impactors responsible for these craters were of manmade origin.

Twelve additional craters, ranging in size from 6-22 I.tm, were analyzed with SIMS. Results are
presented in Table 3 along with notes about contaminant features observed in the vicinity of impact sites.
Because of the substantial contamination issues, discussed above, and the unknown extraction efficiencies

of ions from the deep,jagged central craters present in most features, the discussion of the analytical results
at this time would be completely ambiguous. Readers are cautioned on drawing conclusions about impactor
origins based on these data. The data are presented for completeness with the previously mentioned caveats
in full effect.
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SUMMARY

In thispreliminarystudyanalyticalprotocolshavebeendevelopedfor samplehandlingandSIMS
analysesof hypervelocityimpactfeaturesonIDE sensorsandotherhighpurity substrates.Associated
analyticalproblemshavebeenidentifiedandpossiblesolutionsproposed.Surfacecontaminationprovedto
bethemostcomplicatingfactorin interpretationof SIMSdata.Distributionof integralandon-orbit
accumulatedcontaminationwill beaddressedbyinducingseveralhypervelocityimpactswithparticlesof
knowncompositionandseveral"blank"dischargesonactiveflight andnon-flightsensorsusingan
acceleratoranda pulsedlaser,respectively.SIMSanalysesof thesefeaturesshouldprovidesignificant
insightinto thisissueandpermitusefulinterpretationof datacollectedtodateandin futureanalyses.
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Table1. Summaryof morphologyandSIMSanalyticaldatafor impactson [DE A1/Si sensor surfaces.
SIMS analyses were for positive ions only. Results for A1 and Si are excluded. No impactor debris was
identified in any features using EDS. Small letters denote the presence of only a trace concentration of the
species. Sequentially listed elements were present in the same area.

Impact Crater Discharge
No. dia.(lam) Area dia. Crater

Sensor 293 (row 9, leading edge)

1 17 79 Mg,K,Fe

2 24 x 31 74 Mg>K

3 18 68 K

4 12 70

Relative Abundance of Elements Found in

5 22 x 28 59

7 12 65

Discharge Area Rim Notes

Fe>Ca

Ca>Fe (spot)

Fe>Mg,Ca>K
(ring)

(Ca,Fe) all around
feature

Fe>>K Fe>Mg,Ca>K (Ca,Fe>>K) all around
(ring) feature

Fe>>Mg Fe>K Mg,Fe>>K
(ring)

Sensor 300 (row 3, trailing edge)

1 36 x 54 91 Mg

2 13 x 18 55 Na

3 12 44 Na,Mg,K

4 13 46

Fe,Ti and Na,Mg,K,Ca
spots in spall zone

C

(ring)

C

(ring)

C

(ring)

5 11 43

6 10 39

7 12 46

8 12 50

C>Mg, K
(ring)

Na,Mg,K C (ring);C,Fe>
Na,Mg,Cu (spot)

- C (ring)

Ti>Na>>K C>Na (ring)

Na,K Na,Mg,K,Ca,Ti Mg,Ca,Ti (ring)

9 11 60 Fe

Ca all around feature; Fe
in crater is high conc. spot

(Fe>Ni>Mg) spot away
from feature; Ca all around

(Fe>Mg,Cr>Ni>r,ca)
particle just outside feature

large impact, 138 _m wide
asymmetric spall zone

(Na,Mg,K,Ca) spot
outside of feature

(Ca,Fe>Mg>>Na,K) spot
outside of feature

(Na,Mg,K,Ca>Fe,Ti) par-
ticle next to crater identified

as salt crystal in SEM/EDS

Ca all around feature

(Na,K) spot outside
Ca all around outside
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Table2. Summaryof germaniumwitnessplateimpactfeaturedimensionsandanalyses.All impacts
identified during a 100X optical scan are listed. Ratios of inner and outer spalls (not including attached
chips or fracture zones) to crater dimensions, SI/C and So/C, are for maximum spall dimensions and
average crater diameters. Craters marked with an asterisk (*) and/or a triangle (A) were analyzed for
impactor debris using SIMS and/or EDS, respectively.

Crater Inner Spall Outer Spall

Impact I.D. dia. (_m) dia. (_m) dia. (_m) SI/C SL)/C.

Tentative Impactor
Debris Identified

Ge2A -
1 30 50 75 x 88 1.67 2.93 -
2 6 8 10x 13 1.33 2.17 -
3 8 15 22 x 25 1.88 3.13 -

64 7 20 26 x 45 2.82 6.36 no

5 10 18 28 x 34 1.80 3.40 no

*6 7 14 2.00 yes
*7 8 15 28 1.88 3.50 yes

8 10 22 37 x 46 2.20 4.60 -

69 7 x 10 15 - 1.83 no

A10 6 14 x 16 2.38 no

"12 6 14 2.33 yes
"13 8 20 24 x 26 2.50 3.25 yes

14 7 13 - 1.86 -

"15 8 16 18 x 22 2.00 2.75 yes
16 8 18 22 x 35 2.25 4.38 -

*A17 71 167 354 x 379 2.35 5.34 yes
"18 17 27 44 x 59 1.59 3.47 yes

19 11 27 2.45

A20 188 600 1070 3.19 5.69 yes
zx21 2.5 5.0 2.00 no

Ge2B-
1 12 24 27 x 42 2.00 3.50 -

*A2 14 32 48 2.29 3.43 yes

*63 6 17 19 x 35 2.83 5.83 yes

*A4 17 41 80 2.41 4.71 yes
5 7 18 2.53 - -

*6 15 38 2.33 5.87 yes

67 60 143 293 2.39 4.89 yes

*A8 15 35 73 x 88 2.33 5.87 yes
_x9 6 10 13 x 17 1.67 2.83 no
10 6 10 x 14 - 2.66 - -

All 3.2 8 2.41 no

A12 6 13 2.17 no

"613 22 55 120 2.50 5.45 yes

ZXl4 8 17 x 19 2.39 no
15 15 40 2.67 - -

'Xl6 4.5 11 13 x 18 2.44 4.04 no
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Table3. Summaryof elementalanalysisdatafor tentativehypervelocityimpactordebrisidentifiedin impact
featuresin germaniumwitnessplatesmountedonLDEF trayB12. Listedspecieswerefoundin thecraters
and/orspallzones.SIMSanalyseswerefor positiveionsonly. Smalllettersdenotethepresenceof only a
traceconcentrationof thespecies.Sequentiallylistedelementswerepresentin thesamearea.Readersare
cautionedondrawingconclusionsaboutimpactororiginsbasedon thesedatadueto unresolved
contaminationinterferences.

Impact Crater
No. dia.(_m)

.Ge2A-
6 7 SIMS

7 8 SIMS

12 6 SIMS

13 8 SIMS

15 8 SIMS

17 71 EDS

17 71 SIMS

18 17 SIMS

Ge2B -
2 14 SIMS

3 6 SIMS

4 17 SIMS

6 15 SIMS

7 60 EDS

8 15 SIMS

13 22 SIMS

Analysis Relative Abundance of Elements
Method Found in Crater or Spall Zone Notes

Al,K>Na,Mg,Si,Ca,Fe,Zn>wi.

C,Na,K,Ca>Mg,A1,Ni,Fe,Cu

Na,Mg,Si,K>Ca

Si>Na,Mg,A1,K,Fe

Na,Mg,Fe

Al,Si

Ca,Fe (only in spall zone)

Si,Fe>Mg

Si>Na

(Na,K,Ca,Ti,Zn,Cu) spot just below
impact site

(C,Na,A1,Si,K,Ca>Fe) spot
near impact site

In central shatter zone only. Not
seen in SIMS

(Na,Mg,AI,Si,K,Ca, Fe) spots all around
impact site

(C,Na,Mg,A1,Si,K,Ca>Ti,Cr)
spot in vicinity of impact site.

Na,Mg,Si>K,A1

Mg>Na (covers impact feature
and -1/2 of image field)

Mg,Si>Na,K

A1,Si>Cu>Zn>S

Na ,Mg,Si,Ca,Fe>K

Na,Mg,Si>K

(Na,Fe,Cu) spot near impact site.
Nothing seen in EDS.

Nothing seen in EDS.

(Na,Mg,Fe>Si,K,Ca) present
outside impact area over -1/2 of

image field. Nothing seen in EDS.

Na in image area all around but away
from impact site; (Ca,Mg) spot in
image area away from impact site.

Not analyzed in SIMS

(A1,Si>Na,Mg,K,Ca,Fe,Zn>'ri, Cr)
spot in image field away from impact
site. Nothing seen in EDS.

(Mg,A1,Si,K,Ca,Fe) spots all
around impact site
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Figure 2. Interplanetary Dust Experiment electro-active sensor. (a) Overall configuration of a mounted
sensor. (b) Details of the electrical connections to the sensor.
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Figure3. Small(top,No. 300-4)andlarge(bottom,No. 300-1)impactsonanIDE sensor. Note thefour
distinctmorphologicalregionsof thesmallerfeature:thecentralcrater,theA1vaporizationzone,theA1melt
rim, andtheareaoutsideof thefeature.An arrowpointsto a saltcrystalidentifiedin theSEM/EDSandis
representativeof onetypeof surfacecontamination.Thelargerimpactfeaturehasaspallzonethathas
obliterated-1/2 of theA1vaporizationzoneandrim.

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH 545



Figure4. A small(top,Ge2B-12)andlarge(bottom,Ge2A-17)impactin aGewimessplate. Notethe
residualhemisphericalcraterliner in thesmallimpactcomparedtothecentralshatterzonein thelargeimpact.
Theinnerandouterspallzonesareindicatedon thelargecrater. SiandA1residuewasfoundin thelarge
craterwith EDS,butwasnot indicatedwith SIMSpresumablydueto primarybeamshadowingeffects.
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Sample

Figure5. SIMSshadowingeffecton high aspect ratio features.
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Figure 6. Comparison of depth profiles of the silicaceous contaminant layer over
an impact feature and background area on Ge witness plate from LDEF row 12.
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SUMMARY

Two impact craters found in A1 from LDEF experiment tray A11E00F have residues concentrated in
the bottoms, along the wails, and on the top of overturned rims. Analyses indicate a "chondritic"
compositional signature (Si, S, Ca, Fe, Mg, and Ni) for the bulk residue. In one crater (# 74) round to
irregular silicate grains (crystalline in appearance) are overlain by carbon. In addition, carbon also
partially covers the crater walls, the top of the raised/overturned rim and extends outwards from the
crater. The second crater (# 31) also contains carbon with sirniliar distribution in and about the crater,

although the silicate residue appears to be glassy. Silver, I, K and F (possibly some of the Ca, S, and
C1) appear to be contaminates as well as analyzed aromatic carbonaceous species associated with the
raised rim and the area surrounding the crater. The origin of the impactors is assumed to be
extraterrestrial. The existence of impactor residue in the two craters implies impact velocities of < 6 km
based on experimental hypervelocity impact studies.
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INTRODUCTION

Cursory examination of LDEF by the Post Retrieval Examination Team (ref. 1) showed the
existence of thousands of impact craters but a low percentage of craters with impactor debris or ejecta
sprays. While the study of this debris is of interest to many science disciplines, it is of particular
interest to exobiology in terms of residual carbonaceous and biogenic element contents. Moreover, a
comprehensive study of impactor residue could provide information concerning IDP (interplanetary
dust particle) impactor source (cometary, asteroidal, or lunar) and the characteristics of IDP
carbonaceous materials. We report here the preliminary morphological and compositional study of two

impact craters with carbonaceous impactor residues.

ANALYTICAL TECHNIQUES, SAMPLES, AND METHODOLOGY

Aluminium panels from LDEF experiment tray A11E00F (F. HOrz, P. I.) were scanned with a
microscope for crater identification. Craters with possible partially intact impactor debris were
"punched out" from the main piece to a sample size of 7 mm. These craters were further scanned with
an SEM (scanning electron microscope) in order to study crater morphology and to confirm the
existence of impactor residue. Of the hundreds of observed craters < 10% were found to have residues
and of these only a few percent (e. g., #31 and #74) had significant intact residues. SEM/EDX (energy
dispersive X-ray spectroscopy) analyses indicate that both of the residues have a "chondritic"
compositional signature, i. e., presence of Si, A1, Ca, Mg, Fe, and Ni, among other elements, which
strongly suggests extraterrestrial origin.

These samples were then subjected to an imagery and analytical protocol that included FESEM (field
emission scanning electron microscopy), AES/SAM (Auger electron spectrometry/scanning Auger
microscopy, and TOF/SIMS (time-of-flight secondary ion mass spectrometry). AES/SAM was
performed using a Perkin-Elmer PHI 660 instrument operated at 10kV. Beam diameter and hence,
imaging resolution is -- 1000 A. Both point analysis and multielement mapping were performed.
TOF/SIMS analyses were performed using the CHARLES EVANS & ASSOCIATES instrument (ref.

2). The instrument was operated in the ion microprobe mode using a microfocused Ga + beam as the
sputtering source. After completion of these analyses, a molecular identification study of carbonaceous
materials will be accomplished by LIMS (laser ionization mass spectrometry) and, finally, the residues
will be excavated, microtomed into ultrathin wafers and studied for phase identification and crystal
structure by TEM (transmission electron micoscopy) methods.

CRATER AND IMPACTOR MORPHOLOGY

Crater #74 Morphology

Crater #74 is 119 micrometers in diameter, measured from the points in the crater walls where the
plane of the unraised surface intersects the crater (not measured from points on the raised rim walls).
The depth/diameter ratio is 0.59 consistent with the average value of 0.6 for other LDEF craters (ref.
1). Figure 1 shows vertical and slighlty tilted views of the crater. Impactor residue is concentrated in
the bottom with impact melt "splash" lining the crater walls. The overturned raised rim shows irregular
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patchesof dark to light materialthatconsistmostlyof carbonwith loweramountsof Fe,Mg, Na,K,
Ca,CI,Ag, I, andF (seenextsection).Figure2 showstwo viewsfrom thecrateredgeto thebottom.
Impactordebrisismostlycoveredby anunknownthicknessof carbon.Thefrozenimpactmelt splash
seenon thewails in Fig. 2bconsistsmostlyof theAI targetadmixedwith minor amountsof
"chondritic"elementswhicharethinly coveredbycarbon.Detailedresolutionof splashmorphologyis
shownin Fig. 3. Possibleintactsilicategrainsareshownin Fig. 4 whereroundedto irregularshaped
material(whichmaybeonly slightlydisturbedfrom impact)iscoveredbycarbonandverysmall
(hundredsof nanometers),darkblobs.

Crater# 31Morphology

Thiscrateris 158lamin diameterwithadepth/diameterratioof 0.8.Whereascrater#74contains
partially intactmaterial,the impactorresiduein #31wascompletelymelted(Figs.5 and6). The
xmpactorappearsto havemeltedon impact,thus,lining thecraterbottomandwallswith glassyimpact
melt. Twistedglassis presentin thebottomwherethemorphologysuggestsfreezingof viscous,
moltenmaterialduringsplashreboundafterimpact.Smallglassybeadsline theupperwallsof the
crater(Fig. 6).Eventhoughtheimpactorappearsto havecompletelymelted,a "chondritic"
compositionalsignatureremainstogetherwith aratherlargeamountof carbon,atleaston theresidue
surface(seethenextsection).

ANALYTICAL RESULTS

AugerElectronSpectrometry/ScanningAugerMicroscopy

Augersurveyanalysesof crater# 31wereperformedin thebottomof thecrater,25t.tmand1mm
awayfrom theedgeof thecrater,respectively.Table1givesexamplesof someelemental
concentrations,whichwerecalculatedbyusingnominalsensitivityfactors,for threelocationsCarbon
concentrationvariesfrom = 40at.%atthecraterbottomto 6 at.% 1mmfrom thecrater.Similar
concentrationswerefoundfor crater#74.In addition,thepartially intactimpactordebrisin thebottom
of crater74hassurfaceCconcentrationsrangingfrom 72to 54at.%.Figure7 is a 3-elementmapof
crater31andthesurroundingareain whichthedistributionof A1,C,andF is shown.Eachimage
contains128x128pixels.Carbon-richareasareobservedinsideandoutsidethecrater.TheF-richarea
outsidethecrateris likely to representcrosscontaminationfrom adjoiningexperimenttrays.

Time-Of-Flight/SecondaryIon MassSpectrometry

Theresultingmassspectraandimagesareshownin Figures8 through13.Figure8(a& b) shows
negativeandpositiveion massspectraof crater31andFigure9(a& b) showsnegativeandpositive
ion massspectrafor crater74.Theywereacquiredfromarasteredregion200x 200lainin size,which
coversthecratersandsurroundingA1surface.Theintensesignalsof Ag+,I- andAgI2-observedin the
positiveandnegativeion massspectraindicatethepresenceof silveriodidecontamination.Organic
fragmentions suchasC8H503+ (m/z 149)arealsolikely surfacecontaminationproducts.

Figures10-13areexamplesof massseparatedimagesfrom crater74.SpeciessuchasMg+
(Fig.10)andNa÷, whichareconcentratedwithin thecrater,appearto be intrinsic to theimpactor.
Iodine(Fig. 11),K ÷(Fig. 12),andsomeof theCa2+(Fig. 13),whichareconcentratedon theraised
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rim, areprobablycontaminates.Hence,theability to mapthedistributionof species is a powerful aid
in the interpretation of a mass spectrum.

INTERPRETATION

From this limited crater/impactor preliminary study, no conclusions can be made regarding
extraterrestrial impactor sources, impactor bulk compositions, grain crystal structures (of apparent
intact grains), and the character of carbonaceous molecular species, if any. On-going laser ionization
mass spectrometry, isotopic ratio imaging, and TEM studies may produce more significant and
quantitative information. However, a few important aspects of this study are evident:

(1) The "chondritic" signatures of both impactors strongly indicate an unspecified extraterrestrial
source.

(3) The apparent high carbon content of both impactors would seem to be, at this time, unusual with
regard to an asteroidal (meteoritic) source. Known carbonaceous chondrites have nominal C contents
lower than what we have tentatively assumed for the two impactors. Some cometary particles
(CHONs) are higher in C content, compared with known meteorites, but little is known about their
overall quantitative compositions and characteristics (e. g., ref. 3).

(3) Organic/non-organic contaminations are abundant and care should be taken in interpreting impactor
compositions (see also ref. 4, these Proceedings).

(4) The characteristics and amounts of residual impactors in both craters imply impact velocities of < 6
km/s based on experimental impact studies (ref. 5).
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Table1.Augersurveysurfaceanalysesof LDEF Crater31andsurl-oundingareas(expressedas
atomic%).

Element Craterbottom 25micronsaway 1mmaway

O 34.4 51.3 34.4

Si 2.0 5.7 5.4

F 1.12 1.12 1.0

S 0.24 1.02 1.0

C 39.6 12.7 6.1

Mg 1.9 1.0 n.d.

Na n.d. 0.83 n.d.

Thesearesurface/nearsurfaceanalysesonly anddonot imply bulk analyses.AESdepthresolutionis
2-30nm,thusif Ccoverssilicatematerials(in thiscase,glasses)theirelementalsignalsaregreatly
surpressedor arecompletelymissing.
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Figure 1. (a) FESEM BSE (backscattered electron) image of crater #74. Arrow points to round
residual grain which is used as a reference in other figures. Fractures in AI that radiate away from the
crater (NW direction), probably resulted from ductile/brittle fracturing during uplifting of the rim.
Carbonaceous material (dark; curved arrow) is shown on the top of the overturned, raised rim. (b)

Same crater as in (a) (slightly tilted and rotated 180°). FESEM BSE image. Note partially intact
residual impactor in the crater bottom. 10 division scale is given in microns in the lower right corner of
all FESEM images.
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a

b

Figure 2. (a) A view (FESEM BSE image) from the top of the rim into the bottom of crater #74.
Note irregular lumps (partially intact impactor) and melt/splash material. The area is mostly dark due to
carbon which coats most of the debris. (b) Similar view but opposite the rim in (a). Curved arrow

points to upward moving frozen melt.
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Figure 3. (a) Melt splash on the wall of crater #74. (b) Partially melted impactor grains that are
coated with glass. Arrow points to twisted, pinched glass. (FESEM BSE image).
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a b

Figure 4. (a) Round to irregular shaped impactor debris coated with carbon. Because of the
morphology and qualitative composition of Mg and Si, the rounded grain may be olivine. (b)
Enlarged view of (a). (FESEM BSE image).

Figure 5. Crater #31. Impactor residue is probably all glass. (FESEM BSE image).
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b

Figure 6. (a) Enlarged view of crater bottom glassy impactor debris which is mixed with melted A1.
(b) Small glassy droplets near the top of the crater wall. The light droplets may be metal or sulfides.
(FESEM BSE image).

ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH

559



ORIGI_',IAL PAG_

B_C_ AND WHITE _HQfOGRAY_

Figure 7. Three-element SAM map (AI = blue; carbon = green; F = red) of crater 31.

(See color photograph, p. 601.)
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b

Figure 8. TOF/SIMS negative (a) and positive (b) spectra of crater 31.
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Figure 9. TOF/SIMS negative (a) and positive (b) spectra of crater 74.

562



Figure10.Massseparatedimageof Mg+; crater 74.

Figure 11. Mass separated image of I-; crater 74.

(See color photographs, p. 602.)
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Figure12.Massseparatedimageof K+;crater74.

Figure13.Massseparatedimageof Ca+;crater74.
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C1"27NR, U.K.

ABS'FRACI"

LDEF's impact signature record and, in particular the size frequency

distribution of craters and perforations (1) offers a unique record of

environmental data referenced conveniently to the geocentric reference
frame.

Its exposure simultaneously to both orbital and to geocentrically

unbound interplanetary particulates does, however, present problems in

decoding the two populations. Chemical analysis of residues can offer only
limited assistance: and hence flux modelling has been developed (2,3) to

transform from both geocentric orbital (e = 0) distributions and

geocentrically unbound interplanetary source distributions. This is

applied to the foil and crater penetration records (1,4) in the Ram (E),

Trailing (W) and Space pointing directions to offer the means of decoding

the records. It shows that the mix of the components is size dependent;

though the interplanetary component dominates at greater than some 5

microns particulate diameter, an increasing orbital component is evident.

Arguments for the space age origin of the micro particulates are not

convincing dynamically and it is questionable whether the Solar Maximum
Mission data (5) has been correct in the attribution of the population

exclusively to space micro-debris.

Parametric forms of the modelling transformations are presented

for the orbital and unbound populations.
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1. "FIRST RESULTS OF PARTICULATE IMPACTS AND FOIL PERFORATIONS

ON LDEF", J.A.M. McDonnell, S.P. Deshpande, S.F. Green, P.J.

Newman, M.T. Paley, T.J. Stevenson and K. Sullivan, Presented

Paper, XXVlll COSPAR Meeting, The tlague, The Netherlands, July
1990.

2. "PARTICULATE DETECTION IN THE NEAR EARTtt SPACE ENVIRONMENT

ABOARD TIlE LONG DURATION EXPOSURE FACILITY (LDEF): COSMIC
OR TERRESTRIAL?", J.A.M. McDonncll, K. Sullivan, T.J. Stevenson

& D..tl. Nibletl,,Conference Proc. IAU Colloquium No. 126, "Origin

& Evolution of Interplanetary Dust", Kyoto, Japan, to be

published 1991.
3. "DYNAMIC MODELLING TRANSFORMATIONS FOR TIlE LOW EARTft

ORBIT SATELLITE PARTICULATE ENVIRONMENT', J.A.M.

McDonnell, K. Sullivan, S.F. Green, T.J. Stevenson & D.It. Niblett,

Poster paper, Conference Proc. IAU Colloquium No. 126, "Origin

& Evolution of Interplanetary Dust", Kyolo, Japan, to be

published 1991.
4. "SPACE DEBRIS: ORBITAL MICROPARTICULATES IMPACTING LDEF

EXPERIMENTS FAVOUR A NATURAL EXTRATERRESTRIAL ORIGIN",

J.A.M. Mcdonnell, Abstract submitted to LPSC Abstracts Volume,

XXil, LPSC, 1991.
5. "TILE FLUX OF METEOROIDS AND ORBITAL SPACE DEBRIS STRIKING
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ABSTRACT

The Long Duration Exposure Facility (LDEF) was recovered in January, 1990, following 5.75 years
exposure of ~130 m 2 to low-Earth orbit. Approximately 25 m 2 of this surface area was aluminum 6061
T-6 exposed in every direction. In addition, approximately 17 m 2 of Scheldahl G411500 silver-Teflon

thermal control blankets were exposed in nine of the twelve directions. These two types of surfaces
provide a unique source of statistical data on impact directionality and flux into two well-characterized
materials.

Since LDEF was gravity-gradient stabiliTed and did not rotate, the directional dependence of the flux
can be easily distinguished. During the deintegration of LDEF, all impact features larger than 0.5 mm
into aluminum were documented for diameters and locations. In addition, the diameters and locations
of all impact features larger than 0.3 mm into Scheldahl G411500 thermal control blankets were also

documented. This data, along with additional information collected from LDEF materials achieved at

NASA Johnson Space Center (JSC) on smaller features, will be compared with current meteoroid and
debris models. This comparison will provide a validation of the models and will identify discrepancies
between the models and the data.
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ON THE VARIOUS LDEF SURFACES

Herbert A. Zook

NASA Johnson Space Center

Houston, TX 77058

Phone: 713/483-5058, Fax: 713/483-5276

SUMMARY

Because of spacecraft orbital motion about the Earth, a much higher flux of meteoroids is

expected to strike spacecraft surfaces that face in the direction of spacecraft motion (apex direction)

than would strike antapex-facing, or trailing edge, surfaces. Impact velocities are also higher on apex-

facing surfaces compared to antapex-facing surfaces which further increases the apex/antapex ratio of

spatial density of impact craters of a given size. Measurements of the areal densities of impact craters

on the different LDEF surfaces should give important clues about the velocity distribution, and

therefore the origins, of meteoroids. Preliminary results so far reported from LDEF investigations

appear to best support the meteoroid velocity distributions derived by Erickson and by Kessler, which

would lead to a mean impact velocity on the LDEF spacecraft of about 19 km/s.

INTRODUCHON

It is likely that meteoroids do not enter the Earth's atmosphere with equal probability from all

directions. The true directional distribution, however, is not yet clear. Do more meteoroids, for

example, approach the Earth from its direction of motion around the Sun (also called the "heliocentric

apex" direction, or the "morning" side of the Earth), than from other directions? Southworth and

Sekanina (ref. 1), after correcting their radar observations of meteoroids entering the terrestrial

atmosphere for various experimental biases, obtain a flux--at constant meteoroid mass--with a peak

in the heliocentric antapex direction (the "evening" side). There were also "peaks" in other directions,

but not in the heliocentric apex direction. There remains some uncertainty, however, as to whether or

not they have correctly accounted for all experimental biases. The true directional distribution of

approach may also depend on meteoroid mass.

We note, however, that any given surface on the LDEF spacecraft will, over time, face in a large

variety of directions relative to, say, the Earth-Sun line. This is a result of: (1) Normal vectors to the

apex (leading), antapex, and space-facing surfaces of LDEF sweep through 360 degrees during each

orbit about the Earth; (2) the ascending node of the LDEF orbit plane precesses with respect to the

Earth-Sun line by nearly 8° per day; and (3) the spin axis of the Earth is inclined 23.5 degrees to the

Earth's orbital axis about the Sun (see Fig. 1). This means that meteoroids arriving from a single
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heliocentric longitude and latitude throughout the year will, before LDEF motion is taken into account,

impact from a great variety of directions relative to the spacecraft geocentric apex direction.

This fact suggests the following assumption: "before satellite motion is taken into account,

meteoroid radiants of every entry velocity will appear to arrive in uniform numbers from every

direction not shielded by the Earth" (see also ref. 2). This will be called the "randomness" assumption

for the distribution of meteoroid arrival directions. The assumption would be rigorously tree, of

course, if meteoroids actually enter the terrestrial atmosphere uniformly from all directions. When the

actual rather broad, but poorly known, distribution of atmospherically-observed meteor radiants is

considered, the assumption may be approximately true. The actual distribution of impact velocities and

radiants on LDEF (or any orbiting satellite) is then obtained by permitting the LDEF spacecraft to move

through this assumed random distribution of radiants with its Earth orbital velocity (similar to motion

through a very rarified isotropic gas). This gives rise to a new "apparent" distribution of impact

radiants and velocities relative to the spacecraft apex direction. The randomness assumption is one that

makes it possible to deduce relative cratering rates on various LDEF surfaces as a function of the

meteoroid velocity distribution. This, in turn, makes it possible to either test the assumption or to find

out which meteoroid velocity distribution is best by comparison with the observed data. As more is

learned about the true meteoroid directionality with respect to the Earth, the "randomness" assumption

can be changed to fit the new facts.

ANALYSIS AND RESULTS

Consider an infinitesimal flux, dFva, of meteoroids approaching the LDEF spacecraft location

from a small solid angle sin0d0dqb and in a small velocity interval dv, where 0 is the angle of approach

with respect to the spacecraft apex direction and _ is the azimuth angle around the apex direction, with

_b= 0 when pointed radially away from the Earth; v and 0 are taken to be the velocity and apex angle

before spacecraft motion is taken into account. The subscript "a" refers to the angular dependence of

dF. Then, by the "randomness" assumption of the previous paragraph,

dFva = [ 1/(4x-f_E)]sin0d0dCn(v)dv, (1)

where _E is the solid angle subtended by the Earth and the denser part of its atmosphere, and n(v) is

the distribution of velocities with which meteoroids are observed to enter the top of the atmosphere.

For an effective altitude of LDEF of 460 km, and an effective height of the atmosphere of 150 kin

(below which it is assumed that meteoroids cannot first pass and then strike LDEF), the top of the

atmosphere appears 17.3 degrees below the local horizontal. Then K_E = 4.41 steradians. That is, the

Earth plus its atmosphere shields out 35.1% of the sky from meteoroid entry, n(v) is normalized so

that

_vn(v)dv = 1. (2)
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WhendFvais integratedoverall angles0 and0 (in radians)notshieldedby theEarth,andoverall
velocitiesv, oneobtainsunity,whichmeansFvais alsonormalized.When0 is largerthan0m,where
0m= 17.3 degrees, then the limits of integration of 0 are from -_m to +dhn, where

dhn = rr./2 + arctan[sin0m/(COS20m - cos20)0"5],

which gives the range of 0 angles for which the Earth is not in the field of view. When 0 is less than

0m, 0 ranges over 2x radians.

Now consider the spacecraft in motion with its regular Earth orbital velocity, Vs (Vs = 7.68 km/s

at 460 km altitude). The velocity, Vr, with which the meteoroid and spacecraft approach each other is

given by Vr = v - v s, where Vr,V, and Vs are vector velocities, and v is the meteoroid velocity. The

apparent angle _, relative to the spacecraft apex direction, with which the meteoroids will appear to

impact the moving spacecraft is obtained from

where

cos_lt = (vcos0 + Vs)/Vr,

v r = (Vs2 + v 2 + 2VsVCOS0) 0.5.

If dFva is divided by v, we obtain the spatial density dN(v,O,0) of meteoroids arriving from

directions 0 to 0 + dO, 0 to 0 + d0, and in velocity interval v to v + dv. That is

dN(v,0,¢) = dFva/V = N(v, 0, 0)sin0d0d0dv,

and, using Equation (1),

N(v, 0, 0) = [1/(4_ - _E)]n(v)/v

(3)

(4)

(5)

(6)

(7)

for all directions not shielded by the Earth. From directions shielded by the Earth, N(v,0,0) = 0. Our

"randomness" assumption means that N has no 0 or 0 dependence, except for Earth shielding.

When the spatial density of a differential velocity-angle subgroup of particles is multiplied by the

velocity Vr relative to a spacecraft, we obtain the differential flux (number/(area - time)) of meteoroids

impacting on the spacecraft at velocity Vr to Vr + dvr and from directions _t to _ + d_ and

0 to 0 + dO. _F and Vr are obtained from Equations (4) and (5), respectively. In equation form

dFr (Vr, _,0) = Fr (Vr, _, 0 ) sin_d_dOdvr = dFvavr] v,

where Fr is the flux per unit solid angle and per unit velocity that impacts the orbiting spacecraft.

(8)

571



Thisequationcanbesolvedfor dFr,andhencefor Fr,if thevelocity distribution n(v) in Equation

(7) is known. Dohnanyi (ref. 3), Erickson (ref. 4), Kessler (ref. 5), and Southworth and Sekanina

(ref. 1) independently analyzed different observed distributions of atmospheric meteor entry velocities,

corrected them for various selection effects, and presented meteoroid velocity distributions at constant

meteoroid mass. Zook (ref. 6) assembled these different distributions together in a single paper and

made approximate fits of analytical formulas to the Erickson and to the Southworth and Sekanina

results (Dohnanyi had already represented his results analytically). The resulting velocity distributions

are shown graphically in Fig. 2. The Kessler distribution is so similar to the Erickson distribution,

that I will call the mathematical fit to the Erickson distribution the "Erickson-Kessler" distribution.

References 3, 4, and 5 studied different sets of photographic meteor observations, and reference 1

studied radar meteors. It is assumed that the differences between these derived velocity distributions is

due to different techniques in correcting for sensor biases, in using different data sets, and in possible

true differences between photographic meteors and the smaller mass radar meteors. These different

published velocity distributions give us some feel for the uncertainty in determining a "true" velocity
distribution at constant meteoroid mass.

In this paper I use three separate velocity distributions for n(v) in Equation (7), to see if predicted

crater statistics around LDEF depend much on the n(v) used. They are the Dohnanyi, the Erickson-

Kessler, and the Southworth & Sekanina distributions (formulas given in ref. 6). Equation (8) is

numerically solved by uniformly incrementing all v, 0, and _ values, weighting each (0,t_) angle by

sin0, and each velocity by n(v) and by Vr/V; and by the differentials d0,d_,dv, and then storing the

resulting numeric sums of the dFr in small "bins", or intervals of (_, 9, Vr). Fr(vr,_,_) is then found

by dividing the summed dFr in a given interval by sin_d_d_, the differential solid angle interval from

which meteoroids "appear" arrive at a spacecraft orbiting with velocity Vs. The input n(v) have been

very modestly modified from ref. 6, by accounting for gravity- induced increases in meteoroid

velocities from LDEF altitude of 460 km to the top of the atmosphere at 100 km where meteor

measurements were made. The n(v) were then renormalized. It is found that, when one integrates

over all angles and velocities in Equation (8), the result does not equal 1 (i.e., Fr is not normalized).

Instead, the number ranges from 1.06 for the Dohnanyi distribution to 1.10 for the Southworth and

Sekanina distribution. The reason for this is that a unit flux of meteoroids (at constant mass) on a

spherical spacecraft at rest with respect to the Earth is increased by several percent on a spacecraft

moving with orbital velocity. The increase, as would be expected, is greater for low velocity

meteoroids than for high velocity meteoroids.

If one sums only over all angles, and again normalizes, one obtains the velocity distribution with

which meteoroids strike a spherical (or randomly tumbling) orbiting spacecraft. These are shown in

Fig. 3 for each of the velocity distributions. It is noted that mean impact velocities have increased by

about 2 km/s in each case. It is interesting to note that the percentage increase in mean relative

velocity, in going _om a stationary spacecraft to one with the orbital velocity, is greater than the

percentage increase in impacting flux.

If, in Equation (8), one integrates _ only over 0 to 90 degrees, and sums over all allowable Vr

and _, one obtains the meteoroid flux, at constant meteoroid mass, striking a flat plate with its normal

facing in the forward direction. By similarly integrating _over 90 to 180 degrees, one obtains the
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correspondingflux strikingaflat platefacingin theantapexdirection.Theresultingratiosof fluxeson
fiat plates--apexto antapex--forthedifferentvelocitydistributionsareasfollows: 5.7for Dohnanyi,
7.2for Erickson-Kessler,and9.2for SouthworthandSekanina.Not only arethefluxesdifferenton
apexandantapex-facingplates,soaretheimpactvelocities.In Fig.4 velocitydistributionsareshown
separately(afternormalizing)on apexandantapex-facingplates,wheretheErickson-Kesslervelocity
distributionwastheinputdistributionused.Thesedistributionsarevalid for constantmeteoroidmass
andnot for aconstantresultingcraterdiameter.

Also of interestis theangulardistributionwith whichmeteoroidsareexpectedto strikean
orbitingspacecraft.To fmdthis distribution,Equation(8) issummedoverall meteoroidvelocities.
Onethenobtainstheangulardistributions(notnormalized)shownin Fig. 5for theDohnanyiand
SouthworthandSekaninadistributions.Thesedistributionsareperunit solidangleandarevalid ata
givenmeteoroidmassandfor directionsnotshieldedby theEarth. TheErickson-Kesslerdistribution
would lie betweentheothertwo.

Finally,however,oneneedsto knowhowthespatialdensityof impactcratersaroundLDEF
dependsontheassumedvelocitydistributionof meteoroids--ascraterfrequencyversuscraterdiameter
andversuslocationonLDEF aretheobservedquantities.Presumably,thevelocitydistributionthat
givesriseto resultsthatbestfits theobserveddatais the"correct"one(andassumingthe 'randomness'
assumptionisnearlycorrect).To carryout thistaskweusethepenetrationequationfor 6061-T6
aluminumfrom ref. 7,which is asfollows:

P = 0.42m0.352p1/6v2/3, (9)

whereP is thepenetrationdepthin cm,m isthemeteoroidmassin g, p is themeteoroidmassdensity
in g/cm3,andv is thenormalimpactvelocityinkm/s. For thisstudy,I assumep = 2g/cm3, and
rewritetheequationto give

P = 0.48dl.056(vcos0)2/3, (10)

whered is themeteoroiddiameterin cmand0 isanglewith respectto thenormalwith which
meteoroidsimpacta surface.For amovingspacecraft,v shouldbereplacedby yr. CraterdiameterD
is assumedto betwicethepenetrationdepthP. For anormalimpact(0= 0) atv = 20km/s,the
meteoroidmassesrequiredto generate100and500gm indiametercratersare,respectively,8.5x10-9g
and8.2x10-7g.Fromref. 8, theslopesof the log(flux)versuslog(mass)curveatthesemeteoroid
massesare-0.48and-0.90,respectively.

Becausemeteoroidsstrikefromtheapexdirectionattypicallyhighervelocities(duetospacecraft
orbitalmotion)thanfrom theantapexdirection,smaller--andmorenumerous--meteoroidsmakemore
impactcratersontheapex-facingsurfacethanontheantapex-facingsurface.Thismeansthattheratio
of thenumberof impact craters of a fixed diameter on the apex side compared to number of the same

diameter on the antapex side depends not only on relative fluxes at constant mass, but on the slope of

the log (meteoroid flux) versus log(meteoroid mass) curve. The analysis presented here depends on

this effect and follows the technique used by Naumann (ref. 9) in accounting for the increased
meteoroid flux at small meteoroid masses.
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TheNaumannanalysisalsoappliesto meteoroids striking surfaces at oblique angles. To make a

crater of a certain fixed depth, or diameter, larger--and less numerous--meteoroids are required at

oblique angles on a surface than at perpendicular, or normal, impact (at fixed velocity). The oblique

angle effect should show up quite dramatically in the relative crater frequency of a given size crater on

the "Top," or space-facing end of LDEF, compared to the "Bottom," or Earth-facing end of LDEF.

There is a lesser effect from Top to "Side" (North or South-facing). The spacecraft orbital velocity

should have no effect on these particular ratios, unless there is local shielding by the spacecraft. This

is because the normal component of impact velocity has not been changed (although impacts will

usually be at more oblique angles). Impacts also tend to occur at more normal incidence on the apex-

facing surface than on the antapex-facing surface which, again, adds to enhance the "cratering" flux in

the apex direction.

Table 1. Relative meteoroid crater production rates on LDEF as a function of crater diameter (on 6061-

T6 A1), and as a function of the velocity distribution used. Meteoroid mass and the slope of the log

(meteoroid flux) versus log (meteoroid mass) curve are also given at each crater diameter.

Crater dia. (_tm) Mass (g) Slope Vel. Dist. Apex Top Side Antapex Bottom

500 7.8 x 10 -7 -0.90 Dohnanyi 12.2 6.4 4.7 1 0.06

100 8.1 x 10 -9 -0.48 Dohnanyi 9.9 5.9 4.2 1 0.13
500 7.8 x 10 -7 -0.90 E-K 19.2 8.7 6.4 1 0.08

100 8.1 x 10 -9 -0.48 E-K 14.4 7.6 5.4 1 0.17

500 7.8 x 10 -7 -0.90 S&S 32.8 12.8 9.4 1 0.12

100 8.1 x 10 -9 -0.48 S&S 21.2 10.1 7.2 1 0.23

Table 1 depicts the relative number/area of craters expected, depending on the crater diameter and

meteoroid velocity distribution used, on each of six different surfaces facing in perpendicular

directions (including north and south-facing surfaces) of LDEF. The number/area on the antapex-

facing surface is taken to be 1, so all other surfaces show meteoroid fluxes relative to the antapex

direction. Spacecraft motion and oblique impacts are accounted for, and the angle and velocity

dependencies of (9) are integrated over all angles and velocities. The three velocity distributions used

are those of Dohnanyi (3), Erickson (4)-Kessler (5) (=E-K), and Southworth and Sekanina (7)

(=S&S).

As previously mentioned, it was assumed that LDEF is at a mean altitude of 460 km above the

Earth, and that the effective atmospheric height is 150 km, below which meteoroids can not pass

before impacting LDEF. This means that the minimum angle to the normal with which meteoroids can

impact the Bottom side of LDEF is 72.5 degrees, before spacecraft velocity is considered. The reason

for the strikingly high ratio (about 105) for the frequency of 500 pan wide craters on the Top surface

of LDEF compared to the Bottom of LDEF is due to the steep slope of the flux-mass curve at these

large meteoroid masses. It was assumed, in all cases, that there was no local spacecraft shielding.
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DISCUSSION

JacksonandZook(10)find thatdustparticlesfrom themainbeltof asteroidsareexpectedto
havemeanvelocitiesof 6to 7 km/srelativeto theEarthbythetimetheyhavedriftedto Earthencounter
(beforetheEarth'sgravitationalaccelerationis accountedfor). Theseaveragevelocitieswouldsuggest
thatdustfrom the asteroid belt comprises from 5% (Dohnanyi vel. dist.) to 30% (S&S vel. dist.) of

the meteoritic dust at 1 AU, before considering the gravitational enhancement of the flux by the Earth

(11). Singer et al. (12) have sensed beta meteoroids on the antapex surface of LDEF. If the flux of

beta's can also be measured on other surfaces, it should be possible to derive an "effective" velocity

for these meteoroids; this would be an important experimental determination. The directionality of beta

meteoroids may also be determined.

It will be of great interest to determine which one of the meteoroid crater distributions given in

Table 2 above best fits the actual meteoroid impact crater data on LDEF (after orbital debris impacts

have been accounted for). Or, do any of them fit? Beta meteoroids, for example, may travel at much

higher velocities, on average, than other meteoroids. They also may not satisfy the "randomness"

assumption very well, as they may mostly arrive at relatively small angles to the ecliptic. I note,

fmally, that one may make some other assumption than the randomness assumption, and again carry

through the analyses that have been carried out in this paper. LDEF may help us, in this regard.
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corrected to constant meteoroid mass by different investigators (taken from Zook, 1975).
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Figure 4. The Erickson-Kessler velocity distribution as transformed to velocity distributions on apex-

facing and antapex-facing flat plates on a 460 km altitude orbiting spacecraft.
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Laboratory impact experiments are needed to understand the relationship between a measured

penetration hole diameter and associated projectile dimension in the thermal blankets of experiment

A0178, which occupied some 16 m2. These blankets are composed of 125/an thick teflon that has an

Ag/enconel second mirror surface, backed by organic binder and Chemglaze paint for a total thickness of

some 170/_m. While dedicated experiments are required to understand the penetration behavior of this

compound target in detail, we report here on impact simulations sponsored by other projects into pure

teflon and aluminum targets. These experiments will allow first order interpretations of impact features

on LDEF, and they will serve as guides for dedicated experiments that employ the real LDEF-blankets,

both unexposed and exposed, for a refined understanding of LDEF's collisional environment.

We employed a light gas gun to launch soda-lime glass spheres from 50 to 3200 pm in diameter

(Dp) that impacted targets of variable thickness (Tf). The foil thickness is "scaled" to projectile
dimensions via the ratio Dpfrf and we systematically varied this ratio from approximately 0.2 (=infirfite

halfspace target giving rise to a full cratering event) to some 200 (=pure penetration without projectile

fragmentation). All experiments were conducted at a nominal 6 km/s and at normal incidence. We
found the crater diameter (Dc) to be some 5 times the projectile diameter in aluminum (1100 series)

and some 3.8Dp in teflon. All penetrations up to Dp/Tf=l are in essence truncated craters that are

characterized by the above diameter-relationships. With successively thinner targets, the penetration

holes (Dh) decrease systematically to approximate the ideal condition of Dh=Dp at some Dh/Tf > 30 in

teflon and at Dp/'Tf > 50 in aluminum. These systematic relationships between measured hole diameter
and known blanket thickness allow unique solutions for particle diameter Dp at constant (presently

6 km/s) encounter velocity. Additional experiments are needed that explore velocity-dependent effects

and how they may be scaled to applicable, cosmic velocities, which are currently beyond light gas gun

launch capabilities.

The largest penetration measured in an LDEF thermal blanket is approximately 3 mm in diameter.

Thus all penetrations occurred at Dp/Tf < 20. As a consequence, Dh=Dp will not apply to a single

event and all holes must be larger than projectile diameter. The far majority of LDEF penetrations is

< 1 mm and thus occurred at Dpfrf < 6; the latter condition results in typical hole diameters that are

factors of 2-3 larger than the projectile. Because Dp is cubed to obtain projectile mass, such factors of

2-3 become crucial in obtaining accurate particle mass-frequencies and fluxes.

581





PRELIMINARY MICROMETEOROIDAND DEBRIS EFFECTS ON LDEF THERMAL
CONTROL SURFACES

Martha K. Allbrooks

POD Associates, Inc.

Albuquerque, NM 87106

N92-23323

Dale R. Atkinson

POD Associates, Inc.

Albuquerque, NM
87106

Thomas See

Lockheed Missiles and Space
NASA/JSC

Houston TX 77058

Fred Horz

NASA/JSC
Houston TX 77058

ABSTRACT

Thermal control surfaces returned from space exhibited synergistic effects of simultaneous exposure
to various natural environments. These environments included meteoroid and debris impacts, thermal
cycling, atomic oxygen, and ultra-violet light exposure. The combined effects of these environments

were most prominent in the region surrounding meteoroid and debris impact features in thermal control
surfaces. Indications of these effects were noted in several phenomena, such as the silver-oxide rings
and large delamination areas surrounding penetrations through silvered-Teflon thermal control blankets,

and the large spallation zones and delamination rings caused by impacts into atomic oxygen eroded
thermal control paints.

The thermal control surfaces on the Long Duration Exposure Facility (LDEF) were exposed to 5.75 years
of low-Earth orbit environments. Since LDEF was gravity-gradient stabilized and directionaUy stable
(i.e. no rotation), the effects of each of the environments can be distinguished via changes in material

responses to hypervelocity impacts. The extent of these effects are being visually and microscopically
characterized using thermal control surfaces archived at NASA Johnson Space Center (JSC) in order to
determine the relationship between environment exposure and resulting ring sizes, delamination areas,

and penetration diameters. The characterization of these affected areas will provide spacecraft system
designers with the information they require to determine degradation of thermal control systems during
satellite lifetimes.
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ABSTRACT

The Interstellar Gas Experiment (IGE) exposed thin metallic foils to collect neutral
interstellar gas particles. These particles penetrate the solar system due to their motion
relative to the sun. Thus, it was possible to entrap them in the collecting foils along with
precipitating magnetospheric and perhaps some ambient atmospheric particles. For the
entire duration of the Long Duration Exposure Facility (LDEF) mission, seven of these
foils collected particles arriving from seven different directions as seen from the spacecraft.
In the mass spectrometric analysis of the noble gas component of these particles we have
detected the isotopes of 3He, 4He, 20Ne and 22Ne. In the foil analyses carried out so far,
we find a distribution of particle arrival directions which shows that a significant part of the

trapped particles are indeed interstellar atoms. The analysis needed to subtract the
competing fluxes of magnetospheric and atmospheric particles is still in progress. The
hope of this experiment is to investigate the noble gas isotopic ratios of this interstellar
sample of matter which originated outside the solar system.

INTRODUCTION

When the LDEF mission was announced, an opportunity became available to collect
particles in the vicinity of the earth and to later return them to earth for laboratory analysis.
The Interstellar Gas Experiment was designed with precisely this goal in mind, based on a

suggestion by J. Geiss in 1971. (ref. 1) Therefore, IGE was proposed for flight on LDEF
and was eventually selected as part of the experiment compliment for that spacecraft.
LDEF with IGE aboard was in low earth orbit from April 1984 until January 1990.

The purpose of the experiment was to detect and, if possible, to isotopically analyze
the noble gas component of the local interstellar medium.

In the vicinity of the solar system, these interstellar particles are mostly individual
neutral atoms. Because of their motion relative to the sun, a portion of this flux can
penetrate into the solar system as far as the region of the inner planets. The presence of
these particles near the earth was first confirmed by the OGO-5 spacecraft in 1969 (ref. 2)

and they have provided us with considerable insight as to the nature of the nearby
interstellar medium. (ref. 3)

The thin foil detection technique for these interstellar particles which we proposed
for the IGE was first employed on the Apollo missions to the moon to measure the isotopic
ratios of the solar wind.(ref. 4,5) Later, on the Skylab mission this same technique was
used to measure the isotopes of precipitating magnetospheric particles. (ref. 6) The
technique has also been utilized on a sounding rocket to analyze auroral particles. (ref. 7,8)
Thus, considerable experience has been accumulated in this method of collecting
extraterrestrial particle samples.
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Thedetectiontechniqueconsistsof exposingverythin,high-puritymetallicfoils to
theparticleflux. FortheIGEapplicationweused15I.tmthick beryllium-copperfoils with
a beryllium-oxidesurfacelayer.Theimpactvelocitiesof theparticlesaresufficientto
imbedtheminto thesurfaceof thecollectingfoils. Whentheexperimentisreturnedto
earth,theentrappedparticlesareliberatedbyheatingthefoils. Thereleasedgasesarethen
analyzedin amassspectrometer.Sincethecollectedparticlesampleis extremelyminute,
specialmassspectrometertechniquesarerequiredfor theirmeasurement.Thegasesare
passedthroughachemicalgetter.Thisremovesall chemicalelementsexceptthenoble
gases.

In theanalysisof these particles, not only can the amounts of the various noble gas
isotopes be measured, but additional information can be obtained by heating the collecting
foils in increments. At the first relatively low temperature (450"), the least tightly bound
particles are released. At higher temperature steps, the particles which had penetrated
farther into the foil are released. Thus we can determine a rough approximation of the

impact velocity for the various portions of the collected sample.

In IGE, the foils are located at the bottom of a collector - a rectangular box which
establishes the field of view for the foil and the orientation of this field of view on the

celestial sphere. IGE consisted of seven such collectors, each viewing a different direction
relative to the LDEF spacecraft. Figure 1 shows the orientation of these fields of view for
the various collectors. In the figure, the directions of viewing are designated by the angle

+24 °

VELOCITY VE_

+70 °

EARTH

Figure 1.
The orientation of the fields of view of the seven IGE collectors relative

to LDEF. See the text for the definition of the angular designation of the
collectors. Besides the +24 °, + 70* and +110" collectors, two collectors
point in the 0* direction and one each in the -24* and -70* directions.

from the outward radius vector through LDEF to the center-line of the collector in the plane
perpendicular to the velocity vector. Positive angles are to the north of the LDEF ground
track. The +110 ° viewing direction points below the horizon where interstellar gas
particles are shielded from LDEF by the earth. This collector was intended to entrap only

background particles. In the event that after deployment LDEF had stabilized in the
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invertedposition,thiscollectorcouldhaveperformedaminimalexperimenton its own.
Theremainingsixcollectorspointabovethehorizonin five specificdirections:+70°,+24°,
0°,-24*and-70*. Theseangleswouldbeunaffectedif LDEFhadstabilizedin an
orientationwith leadingandtrailingsidesreversed.As LDEF movesin its orbit, these
collectorssweepout five separateswathsonthecelestialsphere.As shownin thefigure,
twocollectorspointin the0°direction,butviewthesamepartof thesky,oneseveral
minuteslaterthantheother. Thepurposeof tilting thesecollectorsslightlyforwardand
backwardin thedirectionof orbitalmotion,is to measurethebackgroundflux of ambient
atmosphericparticles.At theLDEF altitude,anextremelydiluteportionof theearth's
atmosphereremains.Although the collectors are normally pointed perpendicular to the
direction of orbital motion, a small fraction of the atmospheric particles that form the high-
temperature end of the velocity distribution, could have enough lateral velocity to enter the
collectors as a background flux. By intentionally tipping one collector toward this flux and
one collector away from it, we could measure and later subtract out these atmospheric
particles.

Provisions were made to reject as many background particles as possible. Along
the inner surfaces of the collectors, knife-edge baffles and serrations prevented a particle
from reaching the collecting foils in a single bounce off the collector walls. This
significantly reduced the number of background atmospheric particles which could be
entrapped in the foils. An additional source of background particles is the flux of charged

particles precipitating from the magnetosphere, particularly from the double charge-
exchange reactions. IGE was designed to reject a significant fraction of these particles with
a high-voltage grid (+1250 V) across the entrance of the collector.

INTERSTELLAR PARTICLE ESTIMATES

In order to estimate how the interstellar particles would be distributed among our
collectors as they entrap particles approaching from different regions of the sky, and also to
understand how the particle's angular distribution varies in different seasons of the year,
we developed a computer model of the interstellar particle angular distribution as a function
of location along the earth's orbit. The appropriate portions of these distributions were
then summed as the collector's fields of view were swept across the celestial sphere by
LDEF orbital motion. For the changing angular distribution calculation we followed the
program developed by R.R. Meier at the Naval Research Laboratory. (ref. 9,10)

We, in effect, calculate the trajectories of individual interstellar gas particles from
the time they cross the heliopause until they reach the orbit of the earth. The mean distance
between collisions for these particles is so great that each individual particle follows a

separate keplerian trajectory past the sun. (ref. 11,12) The gravitational attraction of the
sun concentrates the particles beyond the sun (gravitational focusing) and significantly
alters their original angular distribution. Figure 2 shows the trajectories of particles as they
approach and pass the sun. Only neutral particles can move up-stream against the solar
wind plasma as it flows outward from the sun. Therefore we must estimate the rate at
which these neutral particles are ionized by solar radiation. If a particle is ionized, it is
swept away from the sun by the solar wind and is dropped from the calculation. The
photoionization rate at 1 A.U. determines the ionization at all locations in our calculation.
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Figure 2.
Interstellar gas particle trajectories in the vicinity of the earth.
Gravitational focusing by the sun significantly alters the direction from
which these particles approach the earth at different points in the earth's
orbit as well as their concentration and angular distribution. Only a few
trajectories in the ecliptic plane are shown for simplicity.

The initial state of the interstellar gas as it penetrates the heliopause can be
characterized by the following parameters: the particle velocity relative to the sun,
temperature, particle density by species and the initial direction of approach toward the
solar system. The apparent direction of approach of the interstellar gas is determined by the
vector sum of the velocity of the sun (toward the solar apex) and the proper motion of the
interstellar gas itself. This proper motion is from a galactically southern direction. We
used for our model calculations the best estimates for these parameters given at the MPAE
Lindau workshop, "Interstellar Gas in Interstellar Space," held in June 1980. The values
of the parameters in our calculations were:

Velocity 24 km/s
Temperature 12,000 K
Helium Density 0.0124 cm -3
Right Ascension 252*
Declination - 17.5"

Photoionization Rate 0.68 x 10 -7 s -1

Since the efficiency of the trapping of the interstellar gas particles by the collecting
foils varies considerably as a function of impact velocity, we calculated the velocity of each
arriving particle as a function of approach direction toward the earth and multiplied the flux
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fromthatdirectionby thelaboratorymeasuredtrappingefficiencyfor thatvelocity. This
gaveusamapacrosstheskyof theflux of particleswhichwouldbeenergeticenoughto be
entrappedin theIGE foils. Figure3 showsfourexamplesof theseall-skymaps. In our
model,acalculationof thiskind wasmadefor eachdayof theyear,thatis, entirelyaround
theorbit of theearth.Eachmapis acontourplotof theparticleflux overtheentirecelestial
sphere.Only twocontoursareshownfor clarity. In Figure3,theAug. 29 map shows the
situation when the earth is in the up-stream portion of its orbit when particles are
approaching the earth and LDEF from two widely separated directions. This situation
corresponds to the two particle trajectories in Figure 2 which arrive at the earth. On this
map, particles approaching from the direction on the right are only slightly deviated from
the original direction from which the interstellar gas approaches the solar system.
However, the particles arriving on the left have passed very close to the sun and have been
significantly deviated in direction. They appear to be coming from a direction very
different from the original direction of the interstellar wind. Also since they have travelled
for a longer time in a region of high photoionization, their flux intensity has been reduced
more than the particles arriving on the right. The relative intensity and location of these two
flux populations varies considerably throughout the year.

In the winter portion of the earth's orbit, where the down-stream interstellar gas
flux is located, a unique geometric singularity occurs. The initial direction of the interstellar
wind, and the positions of the sun and the earth are almost in a straight line. This geometry
allows particles to pass both over and under the sun and then to to be deflected toward the
earth. This is not geometrically possible at other seasons of the year. This condition
radically alters the angular distribution of the arriving interstellar particles. As shown in the

remaining three maps in Figure 3, the flux gradually shifts into a configuration where
particles are approaching LDEF from an annular region encircling the sun.

On these maps, the LDEF orbit traces out a single sinusoidal curve across the sky.
As the orbit precesses, this curve moves slowly to the left, crossing the entire map once
every 53 days. As a result of this motion, the five swaths which the fields of view of the
IGE collectors sweep out, like-wise move in a corresponding pattern across the map of the
sky. By integrating the particle flux within these moving fields of view, with proper
account being taken of the shadowing effects of the collector walls, we could predict how
many particles each foil would collect for any proposed exposure period. In this manner,
we pre-programmed the IGE exposure sequences to optimize the recognition of the
seasonally changing particle angular distribution pattern.

IGE SPACE OPERATIONS

Each of the seven IGE collectors contains six foils which were intended to be

mechanically moved in sequence into the exposure position. However due to as-yet
unexplained problems, this did not occur as programmed. After the flight all of the
electronic and pyrotechnic components of the system separately operated properly and the
analysis of why the composite system failed to initiate the deployment of most of the foils
is still in progress.

As a result of this situation, in each collector a single foil collected particles for the
entire LDEF mission time. This has had both a positive and a negative effect on our data.
The total flux collected was almost six times more than we had planned for the original one-
year LDEF mission. However, the time-history of the changing particle angular
distribution was lost when the particle collection was integrated over all seasons onto one
set of seven foils.

589



NOIIVNI7330 NOIIVNI733a

NOIIVNI7330

0

°._

cJ _j
_)

(J

"_.o

._ _
_ ._

_ e.-,

L_

"" 0

0 _

590



DATA ADEQUACY

The question which had to be answered because of this malfunction was whether or

not we would still be able to identify interstellar gas particles in our data. In order to
address this question, we calculated with our model the integrated interstellar particle flux
which each exposed IGE foil should expect to collect during the mission using the actual
LDEF orbit as it had been tracked by the NORAD radar system. The results of this

calculation are shown in Figure 4. The five swaths on the celestial sphere swept out by the
IGE collectors still showed the clearly recognizable interstellar gas pattern, even when
integrated over the entire exposure period. These five predicted valves represent all seven
IGE collectors. Two collectors looked in the 0 ° direction and the 110" collector, which was

to measure only background, had a predicted flux, of course, of zero. The predicted
range of interstellar particle densities is more than an order of magnitude between the
various foils. It appeared that the collected data would still be adequate to identify
interstellar gas particles among the background particles which would also be in the foils.
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Figure 4.

The concentration of entrapped interstellar 4He atoms in the IGE
collectors predicted by our model calculation. Particles were collected
for the entire LDEF mission combining all the seasonal angular

distributions. However a distinctive pattern of interstellar particles is
still apparent.

We pursued this question one step further. One edge of every foil (either the
northern or the southern edge) looks out of the opening of the collector to view a slightly
different area of the sky than that seen by the opposite edge. If either a more or less intense
flux consistently arrives from this part of the sky, there will be a gradient in the numbers of
particle entrapped in the foil in the north-south direction. To check on this effect, we
divided each foil into seven strips and calculated from our model how many particles would
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beentrappedin eachportionof eachfoil. Theresultsarepresentedin Figure5. The
calculationindicatedthataninterstellarparticledensitygradientshouldbepresentin each
foil. In the24*and-70*foils, theparticledensityshoulddiffer by afactorof two andfive,
respectively,from onesideof thefoil to theother. Thesegradientsin theparticlecon-
centrationareanotherfeaturewhichcanidentifyinterstellargasparticlesanddifferentiate
themfrom backgroundparticles.
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Figure 5.

The concentration of entrapped interstellar 4He particles varies across

each IGE collecting foil. This density gradient is a characteristic of
interstellar particles, but not of background particles, and can be used to
differentiate these different particle populations.

BACKGROUND CALCULATIONS

We are presently in the process of estimating the flux of background particles which
we expect in the collecting foils. Currently at Utah State University we are modelling the
temperature and density profiles of the atmosphere at the LDEF altitudes, accounting for the
effects of the solar cycle, to calculate how many ambient atmospheric particles were able to
by-pass the baffling system and enter the different regions of each IGE foil. In, parallel, the
magnetospheric background particles are being estimated at the University of Bern. We
have measured the current drain though each of the sets of collector electronics and have
calculated how long each battery survived during the extended LDEF mission. Thus we
can infer how long the high voltage grid on each collector functioned in suppressing charge
particles. This will affect our estimates of the magnetospheric particle fluxes.
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MASS SPECTROMETRICMEASUREMENTS

Theinitial setof measurementsof theentrappedisotopesin smallsamplesfrom
eachof theIGE foilshavebeencompletedattheUniversityof Bern. Theisotopesof 3He,
4He,20Neand22Nehavesofar beenmeasured.

Theanalysisof thesemeasurementsis currentlyatapreliminarystage.The
isotopesmeasuredsofar appearto beoccurringin approximatelytheexpectedrelative
amounts,assumingthatin thepresentinterstellarmediumthevaluesarenot totallydifferent
from thoseinferredfor theprotosolargas.(ref.13) Also, theparticleconcentrationpattern
betweencollectorsfollowsgenerallythepredictedpatternfor interstellargasparticles.The
measuredfluxesarebetween1.3and3.6timeslargerthanthepredictedinterstellarparticle
fluxeswhichweinterprettomeanthatthecompetingfluxestogetherareof nearlythesame
orderof magnitudeastheinterstellarfluxes. If this is thecase,wecanprobablydo the
backgroundsubtractionsquiteconfidently.Also the forward-tipped collector sees a higher
flux than the backward-tipped collector which looks at the same part of the sky. This
appears to result from the increased flux of atmospheric background particles, as expected.
However the depth of penetration as indicated by the heating steps and the 3He/4He ratio

for this component is not understood yet. Finally, in the two foils where we have
attempted to measure an intensity gradient so far, a gradient does exist which is of the
correct magnitude and is in the correct direction.

CONCLUSIONS

Based on the preliminary analysis of our initial mass spectrometric measurements,
we have drawn the following conclusions.

. IGE was successful in collecting and returning to earth for analysis a sample of neutral
interstellar gas. Since this sample of matter originates outside the solar system, it is of
intrinsic interest. If we are successful in determining the ratios of the helium and neon
isotopes, they should contain significant information relative to the predictions of Big
Bang and stellar nucleosynthesis.

. Despite the loss of the time-history of the changing angular distribution of the
interstellar gas particles due to the failure of the collecting foils to sequence properly,
we still have enough information to verify that a major fraction of the collected sample

is from the interstellar gas. It appears possible that we will be able to approximately
separate the three components of the trapped particles, i.e., interstellar, magnetospheric
and ambient atmosphere.

. IGE has verified the usefulness of our thin foil collection technique in the investigation
of the interstellar gas. Based on our experience with IGE, we can establish reasonable
guidelines for future investigations of the interstellar gas. It would be most effective to
mount foil collectors on an inertially stabilized platform in low earth orbit. The
collector could be continuously pointed to the calculated direction of the most intense
interstellar gas flux. This would significantly increase the ratio of collected interstellar
particles to background particles. Thus, with the techniques developed for IGE, the
local interstellar medium is now accessible for laboratory investigation and analysis.
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Figure 8: Quantification of molecular films by interference color and the calculation of the total film
weight.

(Color version of black and white photograph on p. 153.)
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COLOR PHOTOGRAPH

Photograph 2: Interference colors indicating the thickness of the brown film on tray H-06.

(Color version of black and white photograph on p. 154.)
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i III

Photograph 1: Tray H-06, brown deposit in AO exposed comer.

(Color version of black and white photographs on p. 172.)

Photograph 2: Tray H-06, brown deposit and tie wrap deposit in other comer.
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Photograph 5: Tray F-02, clamp 6, brown droplet deposit.

(Color version of black and white photograph on p. 174.)

Photograph 7: Tray C-12, layered brown film.

(Color version of black and white photograph on p. 176.)
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Figure 7. Three-element SAM map (A1 = blue: carbon = green: F = red) of crater 31.

(Color version of black and white photograph on p. 560.)
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Figure 10. Mass separated image of Mg_-: crater 74.

(Color version of black and white photographs on p. 563.)

Figure 11. Mass separated image of I-: crater 74.
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Figure 12. Mass separated image of K_-; crater 74.

(Color version of black and white photographs on p. 564.)

Figure 13. Mass separated image of Ca+; crater 74.
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